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ABSTRACT 
DA YID STUART TOMPKINS 
SANDY TIN TAILINGS IN MALAYSIA-CHARACTERIZATION AND 
REHABILITATION 
Cassiterite extraction in West Malaysia has left a legacy of some 80,000 hectares of 
nutrient-poor, drought-prone, quartz sandy tailings. Their proximity to urban centres has 
long made them a target for agricultural and forestry enterprises, and various techniques 
have been developed to overcome their intractability, including amendment with bulky 
organic matter and replacement with natural soils. Although reasonably successful, these 
approaches have often failed to acknowledge that a percentage of the original heavy 
mineral suite remains in sandy tailings, exerting possible phytotoxic effects and certainly 
raising concerns about the suitability of sandy tailings for agronomic crop production. 
To determine the nature and extent of trace element contamination of sandy tailings, ten 
different areas were identified and sampled in the states ofSelangor and Perak. Preliminary 
analyses failed to corroborate earlier discoveries of elevated mercury and cadmium status, 
but lead, zinc, arsenic, uranium and rare earth elements were all common. However, 
greater concentrations of all these elements were found in clay (slime) tailings, which had 
been colonized by dense vegetation cover. This indicated that levels of trace elements in 
sandy tailings were not of themselves phytotoxic, but in the context of reduced nutrient 
availability, might exert a disproportionate influence on their colonization by plants. 
The colonization of sandy tailings by Melastoma malabathricum was therefore examined, 
revealing that in two of four sites, water contents were greater in colonized areas than the 
rest of each site. Macronutrient concentrations were also greater in colonized tailings, as 
were concentrations of zinc and manganese, but whether these were the cause or result of 
plant establishment could not be determined conclusively. Overall, trace element 
distribution in sandy tailings did not influence colonization by Melastoma, although in 
three of four populations, foliar concentrations of uranium were greater than those of a 
population growing on a natural soil. This has serious implications for the agronomic use 
of sandy tailings. 
The effects of bulky organic and clay amendment of sandy tailings on the availability and 
uptake of trace elements has never before been examined. A tropical greenhouse 
experiment was undertaken to examine the effects of peat and clay on the growth and trace 
element chemistry of Panicum miliaceum and Pueraria phaseoloides. The use of symbiotic 
mycorrhizal fungi was also included, since although these often improve the phosphorus 
nutrition of their hosts, they might also increase trace element uptake from pools sorbed by 
organic matter. Neither clay nor peat improved the growth of either plant species. 
However, addition of clay substantially increased the availability of aluminium and trace 
elements, and its use in rehabilitation attempts cannot be recommended. In contrast, peat 
reduced the availability of Co, Cu, As, La, Ce and U, whilst simultaneously improving the 
ECEC of sandy tailings. The effects of mycorrhizal inoculation were difficult to interpret, 
since the carrier medium used (predominantly zeolite) drastically altered the chemistry of 
soils to which it was added. 
Growth of Panicum and Pueraria was equally poor on two of three naturally sandy soils. 
Adding peat to sandy tailings produced plants with similar foliar chemistry to those grown 
on natural soils, suggesting that plant communities established on these natural siliceous 
media could act as models for the sustainable rehabilitation of anthropic mine tailings -
something which has never before been suggested. A range of native species are 
recommended as having potential for further research into naturalistic rehabilitation. 
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l 
CHAPTER! 
INTRODUCTION 
1.1. BACKGROUND TO PROJECT 
Malaysia is a federation of thirteen states, eleven in the Malay peninsula (forming 
Peninsular or West Malaysia), separated by the South China Sea from Sarawak and Sabah 
(East Malaysia) on the island of Borneo (Figure 1.1.). 
N 
t 
THATLAND 
MALAYSIA 
Borneo 
1+- -----.t 500km 
Figure 1.1. Location of Malaysia within South-East Asia. 
Mining for tin takes place exclusively in West Malaysia, which straddles a zone of tin 
mineralization (the South-East Asian Tin Belt) stretching from Thailand to the Indonesian 
islands of Bangka and Belitung (Schwartz et al., 1995). Although mining for tin has taken 
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place in many West Malaysian states, the greatest concentration of activity has historically 
been within Perak and Selangor (Figure 1.2.). 
N 
i 
Figure 1.2. The eleven States (and Federal Territory of Kuala Lumpur) of West Malaysia. 
The Malay peninsula is divided into two geological provinces by a central spine of granite 
mountains - the Main Range. To the west of this range, tin mining is usually of alluvial 
(secondary) sources, while to the east, mining tends to be of primary (hard-rock) sources 
(Hutchison, 1988). Tin is recovered from these as cassiterite (Sn02), from which it is 
extracted by smelting. 
The formation of alluvial tin deposits began 1.5 million years ago, with exposure and 
weathering of primary mineral lodes in the Main Range. The resulting complex of heavy 
minerals, quartz fragments and kaolin was washed into the lowlands by fluvial action to 
produce tin placers. Continuing erosion in the Main Range subsequently covered these 
with mineral-barren overburden of varying thickness (Schwartz et al. , 1995). 
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Figure 1.3. Significant areas of tin tailings in West Malaysia (1990). 
(courtesy of The Department of Agriculture, Kuala Lumpur) 
Vegetation, topsoil and overburden are all removed to expose the mineral alluvium for 
extraction. Dredging of this alluvium results in separation of sand and clay-sized particles 
into sandy tailings and slimes (clay tailings). During gravel pumping, a different method of 
mineral extraction is used, and the waste material comprises a more homogeneous mix of 
sand and clay (mixed tailings) (HSS Integrated, 1994). The extent of each of type of 
tailings varies according to local geological conditions, but sandy tailings are considered to 
cover some I OO,OOOha, with 63% in Perak and 22% in Selangor (Ang, 1994) (Figure 1.3.). 
Malaysian regulations stipulate no requirement for pre-mining surveys of vegetation or 
fauna, recording of landform and drainage patterns, or removal and storage of topsoil. As a 
result, the mining process effectively reverses the natural geological stratigraphy, with 
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topsoil buried beneath overburden, which is itself covered by tailings. There is also no 
requirement whatever for the holders of mining leases to return mined land to its pre-
mining condition, or even to ensure that it is level and adequately drained, producing an 
anthropic landscape of forest remnants, tailings and mine ponds (HSS Integrated, 1994) 
(Plate 1.1. ). 
Plate 1.1. Sandy tailings, forest remnants and a mine pond in Perak. 
The proximity of mined lands to urban centres and their accessibility has made them a 
target for agricultural use since the 1930's (Birkinshaw, 1931; Lim & Maesscha1ck, 1980; 
Lim et al., 1981; Othman et al., 1990; Vimala et al. , 1990), while more recently, the 
reduction of productivity from Malaysia's natural forests led the government to consider 
them for establishment of monoculture plantations under the Compensatory Forest 
Plantation Project (Zakaria & Ang, 1992; Lim et al., 1993; Appanah & Weinland, 1993; 
Ang, 1994; Kamis, 1994). 
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All tailings from tin mining present unique problems for agriculture and forestry, but the 
physical and chemical constraints imposed by sandy tailings are considered to be greater 
than those of clay or mixed tailings, and as they cover the greatest area, they have received 
most research attention (Ang & Ang 1997). Sandy tailings have extremely low water and 
nutrient retention properties, high surface temperatures, low organic contents and (often) 
low pH (Ang, 1994). Various methods have been developed to overcome these constraints, 
and several schemes for establishment of plantation species have been proposed (Ang, 
Chan & Darus, 1993). Natural colonization of sandy tailings is extremely slow 
(Palaniappan, 1974) which may (in part) be due to a lack of proximal seed sources for 
species adapted to such acidic, siliceous soils. Naturally siliceous soils are not common in 
the tropics (Kauffman, Sombroek & Mantel, 1998), but are found in two coastal areas of 
Peninsular Malaysia. These soils have attracted similar rehabilitation approaches to sandy 
tailings (Amir et al., 1994), but the possibility that natural communities on sandy soils 
could act as models for establishment of sustainable ecosystems on sandy tailings has 
never been considered. 
Until recently, rehabilitation schemes also failed to consider the trace element 
contamination of sandy tailings. The heavy mineral extraction process is not completely 
efficient, and between five and ten percent of minerals present within the alluvium may 
remain in the tailings (Moncrieff & Lewis, 1977). Ang & Ang ( 1997) identified several 
trace elements in sandy tailings from Bidor in Perak, including arsenic, cadmium and zinc. 
Ang, Ang & N g ( 1998) subsequently determined that concentrations of lead, mercury and 
zinc in samples of mango grown on sandy tailings at Bidor exceeded permissible limits 
(Table 3.2.). Although the presence of these elements does not appear to impose phytotoxic 
stress on plants, their availability and accumulation in agronomic crops is of particula:~ 
concern. However, the extent and nature of trace element contamination of sandy tailintf' 
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was unknown, and this project was initiated to examine their occurrence, effects on plant 
colonization, and rehabilitation. 
The geographical location of settlements in West Malaysia that are mentioned in the text 
are presented in Figure 1.4. overleaf. 
1.2. OBJECTIVES 
o To determine the severity and extent of trace element contamination of sandy tailings. 
• To examine the effects of trace element contamination on plant colonization of sandy 
tailings. 
• To determine the effects of common rehabilitation practices on growth and trace 
element uptake by plants on sandy tailings. 
• To compare sandy tailings and naturally sandy soils. 
• To develop a preliminary protocol for rehabilitation of siliceous Malaysian soils based 
on natural colonization processes. 
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Figure 1.4. Settlements mentioned in the text 
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CHAPTER2 
LITERATURE REVIEW 
2.1. TIN IN MALA YSlA 
2.1.1. GEOLOGICAL 0RlGINS 
The occurrence of tin deposits in West Malaysia is closely related to tectonic events which 
shaped the whole peninsula. Subduction of the Sinoburmalaya plate during the late 
Permian period (250 Ma) caused the emplacement of S and I type (ilmenite and magnetite) 
granites in a province that was to become the eastern part of the Malay peninsula. 
Subsequent collision between the Sinoburmalaya and Eastmal-lndosinia plates in the late 
Triassic (220 Ma) resulted in closure of the Paleotethys ocean, fusion of the plates along 
the Bentong-Raub suture, and emplacement of the S-type Main Range granites (Hutchison 
1983 & 1996). The geographical context of these events and location of the two mam 
granitoid provinces is given in Figure 2.1. 
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Figure 2.1. The Granitoid Provinces of West Malaysia (after Hutchison, 1978b). 
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The geological components of the Malay peninsula are largely continental in origin. 
Anatexis of this material during subduction of the Sinoburmalaya plate mobilized tin and 
other minerals, which were re-deposited along the contact zones between country rocks 
and intruded granite (Hutchison, 1988). Country rocks above the Main Range remained 
unfractured, impounding the hydrothermal solutions to form dense swarms of mineral 
veins in close proximity to the contact zones. In contrast, country rocks in the East Coast 
Province were readily fractured, producing fissures that were filled with hydrothermal tin-
bearing solutions to form lode-type deposits some 500m from the contact zone (Hutchison, 
1978a). Since the end of the Triassic period (208Ma), the eastern batholith belts have 
remained stable, the metalliferous lodes remaining impounded by country rocks. However, 
isostatic uplift of the Main Range granites has been occurring since the late Cretaceous (70 
Ma), resulting in gradual un-roofing of the emplaced granite cupolas. This has exposed 
mineral veins to weathering, ultimately resulting in the formation of Malaysia's 
economically important secondary mineral deposits (Hutchison, 1988). 
2.1.2. PRIMARY AND SECONDARY TIN DEPOSITS 
The major commercial tin mineral is cassiterite (Sn02), found in deposits in both the East 
Coast and Main Range Provinces. Since the mineral lodes remain impounded by country 
rocks in the east, they are mined using conventional underground, hard-rock techniques 
(Chu, Fateh & Santokh, 1988). However, exposure of the primary deposits in the Main 
Range subjected them to environmental weathering processes, which degraded the mineral 
lodes into an assortment of secondary products. Occasionally these remain in situ (for 
example, in the Menglembu district of the K.inta Valley (Hutchison, 1983)), but more 
usually the liberated minerals move to some point away from their origin, where they are 
re-deposited as placer deposits. Depending upon their mode of transport, placers can be 
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grouped into various categories. These vary from author to author (see Schwartz et al. , 
1995), but are broadly equivalent to those shown in Figure 2.2. 
+ 
+ + .. + 
+ .. 
+ + 
Rich .alluvi.a 
+ 
+ + 
+ + 
+ + ------::;::.._-- + 
Figure 2.2. The major types of t in placer in Malaysia (after Schwartz et al., 1995). 
Exposure and environmental weathering causes the break-up of mineral veins to produce a 
mixture of quartz and heavy mineral grains in a kaolinitic matrix. Continued weathering of 
this material in situ results in the elution of both clay and quartz, concentrating heavy 
minerals into an eluvial placer. ln landslip-prone terrains, mass-flow of the material down-
slope causes some sorting and concentration of the mineral grains to form a colluvial 
placer. However, most significant of all is the action of water - carrying minerals in the 
sediment load of streams and rivers which are re-deposited under favourable flow 
conditions to form alluvial (or fluvial) placers. Variations in water flow, grain densities and 
mass produced a range of fluvial formations. These were reworked over time through 
changes in river courses and flow rates, coupled with changes in sea level and continued 
erosion of high ground, to produce a complex depositional stratigraphy of tin-bearing and 
tin-barren layers (Figure 2.3.). Alluvial placers were at one time responsible for 95% of the 
tin output of Malaysia, Thailand and Indonesia (Hutchison, 1983). Although distributed 
fairly evenly along the various Main Range catchments, their greatest concentrations are 
within the States of Perak (in the Kinta catchment around Ipoh), and Selangor (in the 
Klang, Selangor and Langat catchments around Kuala Lumpur) (Hosking, 1988). 
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Figure 2.3. The relationship between alluvial stratigraphy and deposition of cassiterite in the 
Klang Valley, near Kuala Lumpur (after Taylor, 1986). 
The oldest (and hence, usually the deepest for a given location) deposit is known as the 
Old Alluvium (emplaced during the Late Pliocene and Early Pleistocene), this gives way to 
the Transitional Unit (Middle Pleistocene), which in turn gives way to the Young Alluvium 
(Holocene). Commercial cassiterite deposits are most frequent in the Old Alluvium, 
become less common in the Transitional Unit and are generally absent from the recent 
Young Alluvium - a trend which is ascribed to decreased fluvial erosivity over time. 
The older alluvial strata are generally sandy gravels, being derived from weathering of the 
primary mineral veins and adjacent granites (finer particles being lost during fluvial or 
marine re-working of the mineral deposits). However, lenses of clay and peat are common 
throughout the alluvium, reflecting temporal and geographical changes in vegetation cover 
and erosive activity (Newell, 197 1 ). A general reduction in river flow rates and the growth 
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of flood plains during the recent Holocene has tended to produce a final soil stratum of 
fine, kaolinitic material. Free drainage of this layer allows for the establishment of lowland 
mixed dipterocarp forests (common in the mining districts south of lpoh), but if drainage is 
impeded, then thick layers of organic material may accumulate, leading to the 
establishment of peat swamp forests (common in the mining districts north and south of 
Kuala Lumpur) (HSS Integrated, 1994). In all cases, the commercial tin placers are 
covered by layers of barren sand and (often) clay, which together form the overburden. 
2.1.3. MINERALOGY OF TIN DEPOSITS 
Cassiterite was the most economically significant mineral crystallized during formation of 
primary deposits. However, a host of other minerals were deposited at the same time, and 
often within the same cassiterite-rich veins. These accessory (hypogene) minerals are of 
some interest, since the products of many are toxic (such as arsenopyrite (FeAsS) and 
galena (PbS)), and occurring in the mineral assemblages, are likely to be found in the 
waste tailings produced by mining these assemblages. 
The mineralogy of tin placers is little studied, and despite their relative insignificance 
(representing 5% of Malaysian tin output (Hosking, 1988)) it is the primary deposits which 
have excited most research interest. Given the proximity of these to many placer sources -
particularly in the Kinta Valley- (Figure 2.5.) it is reasonable to assume that they will be 
(mineralogically) closely related. While the entire primary mineral suite may not survive 
the fluvial transport processes, much of it could be represented in placers, and thus in the 
waste material generated during their extraction. Certainly some of these minerals survive 
into the final stages of tin processing: Hutchison (1978c) examined tin sent for smelting 
within Malaysia and determined that tungsten, lead, arsenic, tantalum and zinc were all 
common contaminants, although their concentration varied considerably depending upon 
their geographical source. Figures 2.4. and 2.5. show the relative location of primary and 
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secondary tin deposits in Perak and Selangor, and are followed by Tables 2.3 . and 2.4., 
which list the mineralogy of the primary deposits. 
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Figure 2.4. Primary and placer deposits in Selangor, with associated granites 
(after Schwartz et al. , 1995). 
Number 
02002 
02003 
02004 
03001 
03002 
03004 
03005 
03006 
Name 
Kuala Langat-Tj Duabelas 
Dengkii-Bangi 
Kuala Kelawang 
Batang Berjuntai 
Sungai Way 
Ayer Hitam 
Sungai Besi 
Rawang-Kuala Kubu Baharu 
Average thickness 
(m) 
60 
5.37 
2.13 
5.89 
Average grade 
(kg Sn/m3) 
0.16 
0.25 
0.42 
0.29 
Table 2.1. Key to the placer deposits of Selangor, together with their average thickness and 
grade (where known) (Schwartz et al., 1995). 
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Figure 2.5. Primary and placer deposits in Perak, with associated granites 
(after Schwartz et al., 1995). 
Number 
04001 
04002 
04003 
04004 
04005 
04006 
04007 
04008 
04009 
04010 
Name 
Tronoh 
Tekka 
Gopeng 
North Kinta Valley 
Lumut-Dindings 
La rut 
Kampung Gajah 
Bidor 
Teluk lntan 
Jehoshaphat 
Average thickness 
(m) 
>20.0 
1.5 
Average grade 
(kg Sn/m3) 
0.15 
Table 2.2. Key to the placer deposits of Perak, together with their average thickness and 
grade (where known) (Schwartz et al., 1995). 
51 
Chapter 2. Literature Review 
Deposit number Name Hypogene ore minerals Gangue minerals 
0201 Killing hall py, po, et. ap, cp, sp, 11, bm, bi zi, ea, sd 
0202 Titi-Giami et, wo, ap, py, cp, sh, mo tm, fl,be 
0301 Hiap Huat ml, sh, 11, ti ve, gs, di, fl, ea 
0302 Bylco Azira py, po, ap, et, sp, cp. gl, st, 11, bi, ea. sd 
bm 
0303 Sungai Gao py, ap, et, cp, po, ml di, ea, wl, tr, ac, gr 
0304 Melor Syndicate (Sungai Way) py, ap, sp, et, po, sp, gl, s, ml, sh, tm, ve, gr, ea, fl 
ai, bm, tt 
0305 Seng No.3/ 4 (Sungai Way) py,et, ap, po, sp, gl, st, ml, sh, ai, tm,ve, gs 
bm,tt 
0306 Kanching sh, ml, wo, py ve, gs, wl, di, hd 
0307 Chim Lee py, ap, et, cp, st tm 
0308 Serendah wo, sh, ap, il, py, sp, et tm 
0309 Ulu Yam py, ap, et, wo tm 
0310 Lian Hin py, ap, et, wo, sh tm, fl 
0311 Teh Wan Seng No. 10 py, et, cp tm 
0312 Sungai Besl No. 2 py, et, ap, cp, sp, sh, po, bm, bi fl, tm, be 
0313 Teh Wan Seng No. 3 ml, sh, ap, sp, sh, po, bm, bi ve,gs, fl 
0314 Hin Fall py, ap, po, et, sp, cp, st, bm, bi, cu fl, gr, tm 
0315 Ban Hock Hin py, ap, et, sp, gl, st, sn, ke, sh fl, tr, di 
0316 Pudu Ulu py, et, wo, ap, po, cp, ml, wo, sh tm, fl, ve, gs, tr 
0317 Hock Leong ke, st, cp. et, py, sp, sn, ap, pv, fl 
bm, bi, tt 
0318 Galian Be~unti et, ml, sh gs, ve, di, fl 
0321 Kiem Lee Hin ap, cp. et. ke, tt, py, sp ea 
0324 Ulu Ching Chong et tp, tm 
0325 Kwong Fook Lee ap, et, wo, sh tm 
0327 Ulu Changar py, et, cp, ap tm, fl 
0329 Mural py, et, ap tm 
0330 Yap Peng py, ap, et. sp, cp tm, be, zi 
0401 Tanjung Katak py, et, ap, wo fl, tm 
0402 How Pak New No. 4 py, et, po,ap, py,sp, cp 
0403 Yik Cheong py, et, ap, cp tm, fl, sd 
0404 Changkat Salak py, sh, et tm 
0405 You Fah cL sh, ap, py, sp, cp tm, fl, tc, se 
0406 Lahat et. ap ca,tm 
0407 Penkalan et, cp, py, ap ea. tr 
0408 Menglembu py, et. mt, ap tm 
0409 Ban Lee py, sp, ap, et, sb, cp 
0410 Leong Sin Nam ap, py, et, cp ea, fl 
0411 Beatrice ap, et, cp. py ea, tr, fl, fb, ph. tc, do 
0412 Chee Heng py, ap, et tm 
0413 Sin Woh Leong py, et. gl, sp, ja, ap, cp ca,ce 
0414 Yong Ngee Fan py, et. ap fl, tm 
0415 Am pang ct.wo tm, fl. tp 
0416 Wing Sang Cheong et, py, ap tm, fl 
0417 Chemor River py, ap, et. wo, sb, sp tm, tp, fl 
0418 Gopeng et zi 
0419 Tekka py, ap, et, wo, st, sp, gl, cp. tt. en, tm, tp, le, n. zi 
il, sb, sh, eo, ta, ko 
0420 Kramat Pulai sh, ml n. wl, bu 
0421 Sin Nam Lee ap, py, cp, et, st, tt, ja do, ea, tr, tc, se 
0422 Ampang Ridge ap, et, py tm 
0423 TaUock's et 
0424 Toh Kiri py, ap, et fl 
0425 Air Chulit py, ap, sp, et ea, tr 
0426 Asia Mining et, py, mt tm, fl. tp 
0427 Chulit-Tempurong ct,wo tp, fl 
0428 Ulu Petal ap, py, cp. et, sp, gl, cs, bi, wo, ru, tp, tm, fl 
mo,en. il 
0429 Chenderiang ct.ja, gl, ml tm, tp, be, fl, zi 
0430 Loke Yew et 
0431 Bruseh et, ap, wo tm, tp 
0432 Changkak Rembian WO, Ct 
0433 Maxwell's Hill et, py tm, fl 
0503 Tong Seng et 
Table 2.3. Mineralogy of primary deposits in Selangor (0201-0330) and Perak (0401-0503). 
Key to mineral abbreviations is found in Table 2.4. (Schwartz et al., 1995). 
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Symbol Name Formula 
ac actinolite Ca2(Mg,Fe)sSis022(0H), 
al aikinite PbCuBiS, 
ap arsenopyrite FeAsS 
be beryl Be,AJ,Si.O,. 
bl bismuth Bi 
bm bismuthinite Bi,s, 
ea calcite ea eo, 
ce cerusslte PbCO, 
cp chalcopyrite CuFeS 2 
CO coballile CoAsS 
CS cosalite Pb,Bi,S3 
et cassiterite Sn02 
dl diopside CaMg(SiO,), 
do dolomite CaMg(CO,), 
en enargite Cu,AsS, 
fb fluoborite Mg,(BO,)(F,OH), 
fl fluorite CaF, 
gl galena PbS 
gr garnet (Ca,Mg,Fe,Mn),(AI,Fe,Mn),(SiO,), 
gs grossularite Ca,AJ,(SiO,), 
11 ilmenite Fe no, 
ke kesterite Cu,(Zn,Fe)SnS, 
ko kobellite Pb,(Bi,Sb),Ss 
le lepidolite K(U,Al),(Si,Al),Q,(F,OH), 
11 loellingite FeAs, 
ml malayaite CaSnSiOs 
mo molybdenite MoS, 
ph phlogopite K,[Mg, Fe(ll)]s(Si,,AI,)O,.(OH), 
po pyrrhotite Fe, ... s 
pv pavonite AgBI,Ss 
py pyrite FeS, 
ru ruUie TiO, 
se scapolite (Na,Ca,K).AJ,(Al,Si),Si,O,.(CI,F,OH,CO,,SO,) 
sd siderite FeCO, 
sh scheelne eawo, 
sp sphalerite ZnS 
st stannite Cu,FeSnS, 
ta tapiolite Fe(Ta,Nb),O, 
tc talc Mg3Si,O,(OH)2 
tm tounnaline (Na,Ca )(Mg,Fe ,AI, U) ,AJ6(803),Si00,.(0H), 
tr tremolite Ca,MgsSi80 22(0H), 
tp topaz Al,SiO,(F,OH), 
tt tetrahedrite-tennanite Cu,(Sb,As),S, 
ve vesuvianlte Ca ,Mg,AJ,(SiO,)s(Si,O, ),(OH), 
wl wollastonite CaSiO, 
WO wolframite (Fe,Mn)WO, 
zi zinnwaldite K,(Li,Fe,Al)o(Si,Al)o02<1(0H,F), 
Table 2.4. Key to mineralogy of primary deposits (Schwartz et al. (1995) and Evans (1997)). 
Although data on placer mineralogy are scarce, one commercial by-product of placer 
mmmg has been extensively examined: Amang is produced during the final refining 
stages, when cassiterite ts separated from other minerals extracted from the mined 
alluvium. it contains various heavy minerals, including ilmenite, xenotime and monazite 
(Table 2.5.). Monazite is a source of light rare earth elements, such as cerium and 
lanthanum, and has been commercially 'cracked' for these elements in Malaysia 
(Karnarudin et al., 1991 ), while the less common xenotime is a source of yttrium and other 
heavier REEs. 
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Tronoh Bidor Kampung Sungai Ayer Batang 
Gajah Be si Hitam Berjuntai 
llmenite 75.0 71 .0 68.5 22.0 11.0 68.5 
Rutile 0 1.5 4.5 <0.01 <0.01 0.5 
Zircon 2.0 3.0 1.5 <0.01 2.0 3.0 
Monazite <0.01 0.5 1.0 <0.01 <0.01 0.5 
Xenotime <0.01 <0.01 <0.01 <0.01 <0.01 0.5 
Topaz 0 2.0 5.0 0 0 0.5 
Tourmaline 5.0 4 .0 8.0 36.0 5.5 4.0 
Quartz 17.0 16.0 9.5 33.0 25.0 15.0 
Others 1.0 2.0 2.0 9.0 56.5 7.5 
Table 2.5. Percentage concentrations of various minerals in amang from six placer deposits 
in Malaysia (Schwartz et al., 1995). 
2.1.4. MINING METHODS AND TAILINGS PRODUCTION 
A number of different techniques are used to access and process the mineral alluvium (also 
known as paydirt or karang), the two most common being dredging and gravel pumping 
(Figure 2.6.). 
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Figure 2.6. Production of tin in Malaysia by method from 1960 to 1990 
(HSS Integrated, 1994). 
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2.1.4.1. DREDGING 
Dredges are floating factories, incorporating several mechanical units which together allow 
stripping of overburden, excavation and concentration of mineral deposits (Appendix A). 
Any forest or plant cover is first removed, and overburden dry-stripped until the water-
table is reached. The dredge floats in the resulting pond (Plate 2.1.), fixed to the shore with 
cables mounted on manoeuvring winches. Excavation of overburden and karang is by 
means of a continuous chain of dredging buckets, which are lowered to sequentially cut 
down the overburden face until the paydirt is reached at depths of between 30 and 50m 
(HSS Integrated, 1994). As the cutting face is generated and moved forward, waste 
materials are ejected at the back of the dredge to form the tailings, simultaneously moving 
the paddock forward. 
Plate 2.1. Malaysia's last operating tin dredge at Dengkil in Selangor. The cutting face is to 
the left, and tailings booms to the right. 
Once reached, the karang is directed into the onboard processing unit which removes 
cassiterite and other heavy minerals from the surrounding alluvial matrix by means of a 
simple gravimetric process, based upon the greater relative density of the commercial 
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minerals compared with other material in the alluvium. The net result is a substrate 
containing approximately 10% tin (w/w), which is sent ashore for further refining (to about 
70%) before smelting (Moncrieff & Lewis, 1977). Since the karang forms the lowest 
stratigraphic layer, it is the waste material formed during its processing which 
subsequently covers the previously stripped topsoil and overburden, effectively reversing 
the alluvial sequence to leave tailings with varying percentages of residual heavy minerals. 
Water used on the dredge rapidly becomes contaminated by high levels of suspended clay 
and silt, which must be removed to prevent their interference with the gravimetric mineral 
separation process. Contaminated water is therefore pumped into a separate retention area, 
impounded by semi-permeable sand bunds which retain the finer suspended solids and 
allow clean water to filter back into the paddock. The retained silt and clay particles form 
the slime tailings. The remainder of the processed alluvium largely comprises quartz sand, 
which is ejected through the booms to cover the stripped overburden, producing sandy 
tailings. It is possible to adjust the length of tailings booms such that fresh overburden is 
deposited on top of sandy tailings, (since the overburden is more fertile than sandy tailings 
(Lim et al., 1981) it would be more straightforward to rehabilitate) however, as there is no 
requirement that mined land be fertile or levelled (simply 'safe') the order of tailings 
deposition is given little consideration. The net result of dredging is therefore a landscape 
scale patchwork of sand, slimes and open water, of which sandy tailings occupy the largest 
area- about 80% (Ang, See! & Mullins, 1999). 
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2.1.4.2. GRAVEL PUMPING 
Gravel pump mines operate very differently (Appendix B). Here, the commercial alluvium 
is located in sumps in uneven, karstic bedrock, or other geological contexts which render 
dredging impracticable (Plate 2.2.). Instead, the water table is artificially depressed to 
allow dry-stripping of all overburden. This is removed to barren ground, or dumped in a 
previously-mined area. 
Plate 2.2. A gravel pump mine in Perak. The karang is situated in pockets amongst 
subterranean limestone pinnacles (bottom right), and is removed by dump-truck to a 
separate area for processing. The hills behind are a mosaic of granite and limestone, the 
intrusion of the granite allowing deposition of cassiterite which has subsequently eroded 
and become trapped in this karstic terrain. 
The karang is either broken up in situ with high pressure monitors, or removed dry and 
taken to a separate area for treatment. In either case, a mineral slurry is produced which is 
pumped to the top of the palong - an inclined concrete plane with transverse slats which 
retain the heavier minerals as the slurry is washed downslope. The cassiterite concentrate is 
removed daily, and sent to a separate tin-shed where further dressing of the ore gives a 
product of about 70% tin (Moncrieff & Lewis, 1977). 
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The tailings slurry at the bottom of the palong is impounded and pumped to a separate 
area, where it is stacked in mounds up to 6m high. This elevated discharge process 
produces a characteristic fan-shaped deposition pattern, with coarser tailings settling close 
to the discharge point, and finer material down-slope. Since there is no definite separation 
of sand and clay fractions, such material is referred to as mixed tailings. However, the 
mineralogy of karang is highly variable and mixed tailings often approximate closely to 
dredged sandy tailings. 
Both types of mining produce a similar range of waste products - the original soil cover, 
overburden, and the tailings themselves. No attempt is made to separately retain the more 
fertile topsoil and overburden layers, which are often neutralized beneath tailings. The 
nature of these varies according to local geology and the method of mining used, but they 
may be broadly categorized as sand or clay, both with very different rehabilitation 
requirements. The net result of all tin mining is a patchwork of tailings, mining ponds and 
areas ofun-mined ground (Plate 2.3.). 
Plate 2.3. The mined landscape of Perak. 
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2.2. THE PROPERTIES OF SANDY TAILINGS 
2.2.1. PHYSICAL PROPERTIES 
Sandy tailings cover the greatest proportion of mined land and present the most significant 
constraints to rehabilitation (Lim & Maesschalck, 1980). They are composed chiefly of 
quartz grains - derived from primary mineral veins and surrounding parent granitoids -
ranging in size from fine sand to coarse gravels and pebbles (Ang, See! & Mullins, 1999). 
The small percentage of clay and silt-sized material is chiefly composed of kaolinite and 
micas (muscovite and vermiculite) (Maene, Mok & Lirn, 1973). The particle size 
distribution of sandy tailings from a number of sites is given in Table 2.6., in conjunction 
with similar data for Rengam Series soil. This latter is possibly the most widespread soil in 
Peninsular Malaysia, derived from granites and covering a large area of undulating and 
hilly terrain in the lowlands (Paramananthan, 2000). 
MARDI Kundang Kanthan Baru Kampung Bali Rengam Series 
Depth (cm) 0-20 0-30 0-30 0-16 
Coarse Sand 64 72 76 40 
Fine Sand 27 22 20 19 
Silt 4 3 3 4 
Clay 5 3 37 
Depth (cm) 20-40 30-60 30-60 16-45 
Coarse Sand 63 62 72 30 
Fine Sand 30 33 24 17 
Silt 2 2 3 5 
Clay 5 3 48 
Reference Wan Abdullah, HSS Integrated, HSS Integrated, HSS Integrated, 
Ghulam & Othman, 1994 1994 1994 
1992 
Coarse sand: 0.2- 2.0mm Silt: 0.002 - 0.062mm 
Fine sand: 0.063-0.212mm Clay: <0.002mm 
Table 2.6. The particle size distribution (%) of sandy tailings from various locations, 
compared with a natural soil of the Rengam Series. 
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Sands constitute more than 90% of the material, a distinct contrast to the slimes, which are 
largely composed of kaolinite, and consequently have a much higher silt and clay content 
(Table 2.7.) (Maene, Mok & Lim, 1973). 
MARDI Kundang Kanthan Baru Near Batu Gajah Rengam Series 
Depth (cm) 0-20 0-30 0-30 0-16 
Coarse Sand 7 1 9 40 
Fine Sand 1 6 2 19 
Silt 29 29 44 4 
Clay 63 64 45 37 
Depth (cm) 20-40 30-60 30-60 16-45 
Coarse Sand 18 1 4 30 
Fine Sand 5 3 3 17 
Silt 37 23 22 5 
Clay 40 73 71 48 
Reference Wan Abdullah, HSS Integrated, HSS Integrated, HSS Integrated, 
Ghulam & Othman, 1994 1994 1994 
1992 
Coarse sand: 0.2- 2.0mm Silt: 0.002 - 0.062mm 
Fine sand: 0.063-0.212mm Clay: <0.002mm 
Table 2.7. The particle size distribution(%) of slime tailings from various locations, 
compared with a natural soil of the Rengam Series. 
Differences in particle size distributions are reflected in water storage characteristics of 
the two types of tailings (Table 2.8.). 
Sandy Tailings Slime Tailings 
Bulk density (g cm "3) 1.49 1.03 
Quick drainage pores(%) 39.48 23.61 
Slow drainage pores(%) 2.14 1.54 
Water storage pores(%) 0.48 14.75 
Available water content (cm m·') 0.42 22.02 
Hydraulic conductivity (cm h ·') 8.40 0.00 
Table 2.8. Physical characteristics of sandy and slime tailings of 0-20cm depth at the MARDI 
research station, Kundang, Selangor (Wan Abdullah, Ghulam & Othman, 1992). 
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Sandy tailings are free-draining, and with a limited percentage of residual water-storage 
pores, are prone to drought. Their surface may also become very compact, encouraging 
surface run-off rather than infiltration, presenting problems for root penetration and plant 
establishment (Ang, Seel & Mullins, 1999). These drainage characteristics present the most 
significant immediate constraint for the rehabilitation of sandy tailings, since their inability 
to retain water leaves them prone to drought and leaching of nutrients from the rooting 
zone. However, Ang, Seel & Mullins (1999) noted that if sandy tailings were landscaped 
such that they were no more than 1.5m above the standing water table, then capillary water 
rise from that source was sufficient to supply the needs of plants grown thereon. 
The effects of evaporative cooling on the surface temperature of sandy tailings is unknown. 
However, dry sandy tailings are known to reach temperatures of 49°C (Figure 2.7.), which 
is above the phyto-lethal level (43.9°C) (quoted by Ang, Seel & Mullins, 1999). This 
places another constraint on plant establishment on this substrate. 
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Figure 2.7. The temperature of sandy tailings at various depths during a sunny day 
(Adapted from Mitchell, 1959). 
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2.2.2. NUTRJENT PROPERTIES 
Compared with a Rengam Series soil, sandy tailings contain lower carbon levels, fewer 
available plant nutrients - and a much lower capacity for buffering those which are 
present, due to their low cation exchange capacity (Table 2.9.). Sandy tailings are also 
generally acidic, although their pH varies according to their geological origins - basement 
limestones in some areas of Perak will produce tailings with greater quantities of calcite, 
increasing pH (as at Kg Kepayang Baru). 
Origins Kundang Kg Kepayang La hat Rengam 
Baru Series 
Depth (cm) 0-20 0-15 0-30 0-16 
pH H20 4.6 7.2 5.6 4.5 
c (%) 0.14 0.36 0.09 1.64 
N (%) 0.01 0.02 0.03 0.16 
Available P (~g g·') 1.70 1.91 1.00 4.00 
Exchangeable Cations 
(cmolc kg-') 
Na 0.01 0.13 0.01 0.11 
K 0.06 0.02 0.02 0.17 
Ca 0.02 0.61 0.35 0.57 
Mg 0.01 0.24 0.09 0.16 
CEC (cmolc kg·' pH?) 0.39 0.25 3.40 
Base Saturation (%) 26 100 30 
Reference Wan Abdullah. Shamshuddin. HSS Integrated. HSS Integrated. 
Ghulam & Nik& 1994 1994 
Othman. 1992 Paramananthan. 
1986 
Table 2.9. The nutrient status of sand tailings from various locations in Malaysia, compared 
with a common lowland soil (Rengam Series). 
Levels of phosphorus are also lower in sandy tailings, but whether this is due to its innate 
lack - or other factors such as phosphorus fixation - is unknown. Weathering of clay 
minerals (such as kaolinite) in tropical soils often gives rise to elevated levels of 
aluminium and iron oxides and hydroxides - known collectively as sesquioxides (Section 
2.2.5.). Phosphate ions (and other anions) are strongly bound to the surface of these 
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minerals, rendering them unavailable for plant uptake (Figure 2.8.) (Sanchez & Salinas, 
1981 ). 
Goethite surface 
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/ Fe-0 - P" OH 
0 OH 
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Figure 2.8. Phosphate binding on the surface of goethite (Rowell, 1994). 
Sesquioxides also impact upon ion exchange capacities, smce they have amphoteric 
properties: in acid soils they accept protons, attaining a positive charge (and an anion 
exchange capacity), but in alkaline soils, protons are released, rendering a net negative 
charge, and a cation exchange capacity (Sumner et al., 1991 ). 
ln addition to providing iron and aluminium, clay minerals could act as sources for several 
nutrients, including potassium and magnesium. Micaceous and feldspathic minerals in the 
alluvium weather to release potassium: 
(2.1.) 
ln limestone terrains, calcium would be available from calcite, and if dolomotized, 
magnesium would also be contributed. However, although increasing the rate of 
weathering of parent minerals, acidic conditions would also reduce the cation exchange 
capacity of sandy tailings, leaving liberated cations prone to leaching (Sumner et al, 1991 ). 
Sulphate may be bound by sesquioxide minerals (in the same manner as phosphate), but is 
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otherwise readily leached from sandy soils, where it might normally be replaced by 
decomposition of organic material. However, in carbon-deficient and organic-poor tailings, 
the chief source of sulphate would be oxidation of residual pyrites (Sparks, 1995), reducing 
substrate pH even further: 
(2.2.) 
Similar sulphidic minerals might also provide Cu, Mo, Zn, Mn, and Co (Table 2.4.). 
In contrast, slime tailings consist largely of clay and silt-sized particles, dominated by 
kaolinite. This gives them nutrient and cation exchange characteristics broadly similar to 
natural kaolisols. Although kaolin has a rather low cation exchange capacity when 
compared with other types of clay (Table 2.1 0.), its contribution would be significant in 
sandy soils with their limited buffering capacity. 
Mineral 
Kaolinite 
lllite 
Montmorillonite 
Vermiculite 
CEC cmolc kg"1 
<10 
15-40 
80-100 
- 100 
Table 2.10. Cation exchange capacities of various clay minerals (Landon, 1984). 
2.2.3. TRACE ELEMENT PROPERTIES 
The mining process extracts up to 95% of heavy minerals from the karang (Moncrieff & 
Lewis, 1997), leaving a residual quantity of cassiterite, and other (potentially toxic) 
minerals such as arsenopyrite (FeAsS) and galena (PbS). While data on the trace element 
chemistry of karang itself is lacking, a number of authors have examined the trace element 
chemistry of sand and slime tailings (Table 2.11.). 
64 
Origin 
Acid-Extractable Totals 
(J.lg g"1) 
As 
Cd 
Hg 
V 
Co 
Sb 
Cr 
Pb 
u 
Reference 
Sand Tailings 
Kg Kepayang 
Baru 
104 
nd 
nd 
21.4 
6.29 
0.65 
24.7 
nd 
5.47 
Shamshuddin, Nik & 
Paramananthan, 
1986 
Bid or 
4.48 
0.36 
0.07 
nd 
4.48 
nd 
4.66 
48.9 
nd 
Ang, Ang & Ng, 
1998 
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Slime Tailings 
Kg Kepayang 
Baru 
337 
nd 
nd 
168 
14.9 
2.17 
135 
nd 
20.1 
Shamshuddin, Nik 
& Paramananthan, 
1986 
Bid or 
3.18 
0.58 
0.64 
nd 
12.7 
nd 
14.1 
95.3 
nd 
Ang, Ang & Ng, 
1998 
Table 2.11. The trace element status of sandy and slime tailings from two Malaysian tin 
mines (nd: not determined). 
Comparative data for concentrations of these same elements in natural tropical soils are not 
available, but accounts of the chemical status of other global soils have been published 
(Marker!, 1996; Kabata-Pendias & Pendias, 200 l ). Markert's (1996) data for the global 
background averages of all elements in soils indicate that no trace elements in sandy 
tailings exceed the global averages, except arsenic and uranium. (Table 2.12). 
Element 
As 
Cd 
Hg 
V 
Co 
Sb 
Cr 
Pb 
u 
Means of available 
data for sand tailings 
(J.lg g"1) 
53.99 
0.36 
0.07 
21.35 
10.77 
0.65 
14.70 
48.85 
5.47 
Global 
averages 
(J.lg g"1) 
0.1 -20 
0.01-3 
0.01 -1 
10-100 
1 -40 
0.01 - 1 
2-100 
0.1-200 
0.01 - 1 
Table 2.12. Levels of various trace elements in sandy tailings, and the average occurrence 
of these elements in soils from around the world 
(Shamshuddin, Nik & Paramananthan, 1986; Markert, 1996; Ang, Ang & Ng, 1998). 
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Since these data are for 'total' concentrations of the various elements, it is impossible to 
predict their presence in soil solution and availability for plant uptake. For example, only 
0.003 - 0.005% of lead in soils is available for plant uptake, and less than three percent of 
lead that is passively absorbed by the roots is subsequently translocated to the aerial parts-
making lead toxicity in leaf tissues unlikely. In acid soils, the most common form of 
arsenic is arsenate, and as this acts as a phosphate analogue (Meharg et al., 1994) it is 
likely to be bound onto sesquioxides, rendering it virtually unavailable for plant uptake. 
Uranium oxides are inherently insoluble, and as free uranium ions are also readily 
adsorbed onto clay minerals, they are also unlikely to pose a .phytotoxic threat (Kabata-
Pendias & Pendias, 200 I). 
Data on amang (Table 2.5.) shows that residual quantities of monazite and xenotime could 
contribute rare earth elements to sandy tailings. Fertilizers containing rare earth elements 
(particularly lanthanum and cerium) have been manufactured in China for more than two 
decades, and their application seems to result in increased crop yields, rather than 
phytotoxic reduction in plant growth. Diatloff, Asher & Smith (1999) grew maize (Zea 
mays) and mungbean (Vigna unguiculata) in solution culture with elevated lanthanum, 
They determined that lanthanum at 0.0811g g·' increased corn root growth by 36%, whilst 
at only 0.03J.!g g·' it increased mungbean root growth by 21%. Despite these improvements 
in root growth, no beneficial effects could be determined from shoot or total dry matter 
yield in any experiment, and the root length enhancement was not repeated in subsequent 
trials. Indeed, REE inhibition of cation (especially Ca2l uptake has been documented, and 
at solution concentrations in excess of O.I4Jlg g· 1 REEs are likely to be toxic, rather than 
beneficial to crop plants (Diatloff, Asher & Smith, 1999). 
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2.2.4. ACIDITY 
Sandy tailings may be deficient in both water and nutrients, as well as being contaminated 
by toxic trace elements. However, even if these problems were overcome, soil pH and its 
effects might still reduce plant growth on sandy tailings. In mine wastes, acidity is often 
the result of pyrite oxidation (Equation 2.1.)., while in natural soils it has various sources: 
C02 dissolved in water produces a weak solution of carbonic acid (H2C03) with a pH of 
5.6, while decomposition of organic matter liberates organic acids into solution (Watanabe, 
Osaki & Tadano, 1998). These processes of decomposition are themselves governed by 
acidity, since this influences the kinds, numbers and activities of soil micro-organisms 
(Surnner et al., 1991 ). The normal functioning of plant roots themselves may also acidify 
their environment: protons are actively pumped from root cells by carrier proteins spanning 
their plasma membranes. This maintains a pH of between 7.0- 7.5 within the cytoplasm 
for normal cell function, and equalizes the charge gradient caused by uptake of nutrient 
cations into these same cells (Figure 2.9.). 
The electrical gradient caused by proton pumping is itself a major driving force for cation 
uptake. Some cations have specific ports of entry (such asK+), while others (such as Mg2+ 
and Ca2) are actively absorbed. These latter bind onto cation exchange sites (carboxylic 
groups) in the cell wall, loading the apoplasm in proximity to the plasma membrane, from 
where they may be transported into the cytoplasm. High concentrations of competing 
polyvalent cations (AI3+ and Mn2+ in acid soils) and lowered pH (increased H+) compete 
with this loading process, reducing nutrient uptake efficiency. Mn2+ competes with Mg2+, 
while AIJ+ competes with both Ca2+ and Mg2+. 
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Figure 2.9. Maintenance of the electrochemical potential across cell membranes. 
PM: Plasma Membrane; TO: Tonoplast (Marschner, 1991). 
Acid soils are also deficient in calcium. Actively growing roots have a high requirement 
for this element, and since it is immobile within the phloem, this must be met by direct 
uptake from the soil solution around root apices. Inherent lack of Ca2+, combined with 
elevated W and Ae+ which compete with and reduce its uptake, lead to decreased root 
penetration of acid soils, imposing yet further nutrient (and water) stresses on the plant 
(Marschner, 2002). 
High proton levels and low calcium availability also adversely affect nitrogen fixation in 
legumes, since they suppress the processes which lead to attachment of Rhizobium bacteria 
onto their root hairs, reducing nodulation and (ultimately) nitrogen fixation. pH values 
below 6.0 considerably reduce nodulation and nitrogen fixation, although some plants and 
rhizobia! strains are more tolerant than others (Section 2.4.2.6.) (Rengel, 1992). 
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2.2.5. ALUMINIUM TOXICITY 
2.2.5.1. ORIGINS OF ALUMINIUM IN SANDY TAILINGS 
Weathering of granites releases a number of aluminosilicate minerals, such as feldspars 
and micas, which are important in tropical soils. Weathering transforms micas into 
muscovite (KAl2(AlSi)30 10(0H)2) and vermiculite ((Mg,Al,Fe)J(AI,Si)4010(0H)2-4H20) 
clays, while feldspars weather into secondary clay minerals (phyllosilicates) such as 
kaolinite and gibbsite (Equation 2.3.) (Rowell, 1994). Kaolinite dominates the clay fraction 
of sandy tailings, and is the main constituent ofslimes (Maene, Mok & Lim, 1973). 
(2.3.) 
Kaolin also dominates natural lowland soils in Malaysia, and not only contributes to the 
cation exchange capacity of soils (Table 2.1 0.), but weathers to release aluminium. Data on 
the chemistry of Brazilian kaolinite are presented in Table 2.13. 
Clay fraction Silt fraction 
5102 407 439 
AI203 360 366 
Fe20J 19.1 6.6 
Ti02 3.20 0.12 
K20 1.01 1.21 
M gO 1.24 0.02 
Table 2.13. Mean chemical composition (f.19 g'1) of kaolinlte In the clay and silt fractions of 
21 Brazilian soil samples (Melo et al., 2001). 
Weathering of kaolinite gtves nse to a range of secondary aluminium oxides and 
hydroxides, such as gibbsite and boehmite. Dissolution of gibbsite in acid soils is 
particularly significant, as it liberates aluminium ions: 
(2.4.) 
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Al3+ forms an equilibrium with various other species, depending upon the pH of the soil 
solution: 
(2.5.) 
(2.6.) 
Al3+ dominates at pH 4.5 and below, and is believed to be the most toxic form of 
mononuclear aluminium. However, research also indicates that a transitory multinuclear 
aluminium species ((Al04Al!2(0H)24(H20)127+), commonly known as Al 13) is important at 
pH 4.5, since it can inhibit plant growth at sub-micromolar concentrations (Kinraide, 
1991 ). 
Aluminium (as a polyvalent cation) is able to occupy cation exchange sites in soils in the 
same way as nutrient cations. This occupancy is referred to as aluminium saturation, and 
provides an indication of potential aluminium toxicity in soils, with saturations of 60% and 
above causing problems for some crop plants (Kamprath, 1978). Aluminium saturation is 
high in many tropical soils (Table 2.14.), with 76% experiencing moderate to very serious 
aluminium toxicity (Kauffman, Sombroek & Mantel, 1998). This includes Malaysian soils 
such as those of the Rengam Series, which exhibit aluminium saturations in excess of 70% 
(Paramananthan, 2000). 
Region 
Colombia 
Australia 
Malaysia 
Puerto Rico 
Soil Order 
Oxisol 
Ultisol 
Ultisol 
Ultisol 
pH 
4.2- 5.1 
5.0- 5.1 
3.6-4.2 
3.9-4.6 
Exchangeable AI AI saturation 
(cmolc kg"1) (%) 
range average range average 
0.6 - 5.8 3.1 29-86 68 
2.0-2.2 2.1 44-49 46 
0.7-12.4 3.4 34-86 61 
4.5-9.9 6.6 36-70 57 
Table 2.14. Exchangeable aluminium and aluminium saturation of various tropical soils 
(Kamprath, 1978). 
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2.2.5.2. TOXIC EFFECTS OF ALUMINIUM 
The toxic actions of aluminium are primarily root-related. Aluminium ions have a 560-fold 
higher affinity than Ca2+ for certain phospholipids in cell membranes, and binding to them 
modifies membrane transfer processes (Marschner, 2002). Aluminium also forms insoluble 
phosphates within roots (Haynes & Mokolobate, 2001), inducing phosphorus deficiency. 
[ndeed, there is debate as to whether the effects of aluminium in acid soils are primary (on 
root function), or whether they are secondary (due to poor phosphorus nutrition) (Kidd & 
Proctor, 2001). Root elongation through cell expansion is particularly dependent upon 
adequate calcium nutrition, and aluminium competes with both calcium and magnesium 
for exchange sites on root cell walls. Reduced levels, combined with poor membrane 
function in the presence of aluminium, cause malformation of roots, incurring a further 
range of problems: Shorter root systems are less able to exploit water and nutrient reserves 
within soils, leaving plants prone to drought and nutrient stresses (Marschner, 2002). 
Aluminium-induced root deformation also reduces the chances of successful nodulation in 
leguminous plants (Rengell, 1992), although the nodulation process is often more sensitive 
to aluminium toxicity than the host plant, and supplying mineral nitrogen may correct 
deficiencies caused by reduced nitrogen fixation in such circumstances (de Carvalho et al., 
1982). 
2.2.5.3. ALUMINIUM TOLERANCE IN TROPICAL PLANTS 
Aluminium saturation in tropical soils is a common phenomenon, and many plants are 
adapted to tolerate it. lndeed, some exhibit enhanced growth following aluminium 
application under controlled conditions. Melastoma ma/abathricum, Mela/euca cajaputi 
and Acacia mangium all showed increased growth when aluminium was added to their 
nutrient solution (Figure 2.10.) (Osaki, Watanabe & Tadano, 1997). Tea (Camellia 
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sinensis) also responds positively to aluminium avai lability, accumulating levels in excess 
of30mg g- 1 in its leaf tissues (Mat umoto et al., 1976). 
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Figure 2.1 0. Relative growth rates of three plant species (A: Melastoma malabathricum B: 
Melaleuca cajaputi C: Acacia mangium) in response to aluminium treatments applied in a 
growth solution. (N: None, L: Low (3mg r1AJ), H: High (15mg r1AJ )) 
(Adapted from Osaki, Watanabe & Tadano, 1997). 
Aluminium stress may be overcome in two ways: avoidance through its exclusion at the 
root, or tolerance within the plant. The to lerance strategy is adopted by many species 
including Camellia sinensis and Melastoma malabathricum. These exude large quantities 
of low molecular weight (LMW) compounds from their roots, including sugars, organic 
acids, amino acids and phenolics. In maize (Zea mays), such exudates contain up to 58% 
LMW compounds, the majority being sugars and organic acids (Mench et al., 1988). These 
chelate many metal ions (including A13} rendering them less toxic (Ross & Kaye, 1994). 
The chelated aluminium is then absorbed and translocated to aerial parts of the plant for 
storage in leaf cytoplasm or vacuoles. This may create an aluminium depletion zone 
around the roots, reducing the secondary effects of cation competition on CEC sites within 
and without the roots (Matsumoto, 2002). 
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Exclusion strategies also involve secretion of aluminium chelating ligands from the root 
(Pina & Cervantes, 1996), but this is combined with binding of Al3+ to cell walls within the 
root cortex, selective permeability of the plasma membrane and active Al3+ effiux 
(Matsumoto, 2002). Mucilage production at the root tip of such plants is also important, 
since it has a high binding capacity for polyvalent cations, again complexing with and 
detoxifying aluminium (Marschner, 1991). Melaleuca cajaputi is one such aluminium 
excluder (Osaki, Watanabe & Tadano, 1997). 
2.2.6. MANGANESE TOXICITY AND TOLERANCE IN TROPICAL SOILS 
After aluminium, manganese toxicity may be the second most important growth limiting 
factor in acid soils (Bromfield et al., 1983). However, some soils simply do not contain 
sufficient manganese for toxicity to occur, and in highly leached tropical soils this element 
may even be deficient (Marschner, 2002). Concentrations of exchangeable manganese 
increase with acidity, but since its redox reactions are greatly influenced by 
microorganisms, it is only likely to become toxic in soils which also support high levels of 
microbial activity (Foy, 1992). This is not true for sandy tailings (Nadarajah & Nawawi, 
1988), and at present there is insufficient data to determine whether manganese is present 
in excess or deficit in this substrate. 
2.2.7. HEAVY METAL TOLERANCE 
The mechanisms of plant tolerance of heavy metals are similar to those involved in 
aluminium tolerance (Figure 2.11.). However, the dynamics of heavy metal uptake and 
availability in tropical soils are little studied (Naidu, Sumner & Harter, 1998), and the 
possible eo-tolerance of tropical species to aluminium and heavy metals remains little more 
than conjecture. 
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Figure 2.1 1. Mechanisms of heavy metal tolerance in plants. 1. Binding in the cell wall. 
2. Restricted influx through plasma membrane. 3. Active efflux. 4. Compartmentation in 
vacuole. 5. Chelation at cell wall / plasma membrane interface. 6. Chelation within the 
cytoplasm (Marschner, 2002). 
Binding of heavy metal ions to cell walls in the root cortex or rhizodermis is one of the of 
the most important tolerance mechanisms. The carboxylic (R-Coo·) groups of compounds 
such as galacturonic and glucuronic acids within cell walls give these surfaces a net 
negative surface charge, to which cations such as Pb2+ are strongly bound (Cseh, 2002). 
One other important tolerance mechanism is plant synthesis of metal binding polypeptides: 
the phytochelatins (PCs). Lead is known to be a good stimulator of PC production, as are 
Cd2+, Cu2+ and Zn2+, whereas other metals, such as Cr3+, Mn2+ and Co2+ do not appear to 
have any stimulatory effect (di Toppi, Prasad & Ottonello, 2002). The principle component 
of phytochclatins is glutathione (GSH), synthesized from glutamic acid, cysteine and 
glycine in the cytosol and chloroplasts, and exported to other parts of the plant via the 
phloem. It is the presence of cysteine in PCs which lend them their heavy-metal affmity 
(Tomaszeska, 2002). Magnesium (Mg2+) is essential for correct enzyme functioning in the 
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biosynthesis of PCs, which not only contain significant quantities of sulphur, but require 
S2- ions for correct functioning in the presence of heavy metals (Cobbett & Goldsbrough, 
2000). 
2.3. OVERCOMING PHYSICAL AND CHEMICAL CONSTRAINTS IN SANDY TAILINGS 
2.3 .1. PHYSICAL CONSTRAINTS 
State 
Perils 
Kedah 
Pulau Pinang 
Perak 
Selangor & Kuala Lumpur 
Negeri Sembllan 
Melaka 
Johor 
Pahang 
Terengganu 
Kelantan 
Total (ha): 
Total(%): 
Area of tailings 
(ha) 
0 
2,510 
10 
71,850 
28,250 
2,090 
380 
5,660 
2,910 
40 
0 
113700 
100% 
Agricultural use 
(ha) 
0 
10 
0 
3890 
830 
0 
0 
0 
0 
0 
0 
4730 
4.16% 
(Area of Peninsular Malaysia: 13,200,000ha) 
Non-agricultural 
use (ha) 
0 
20 
0 
2300 
3920 
0 
0 
0 
0 
0 
0 
6240 
5.49% 
Table 2.15. Area and use of tailings in the states of Peninsular Malaysia in 1990 
(Chan, 1990). 
Slow regeneration in logged forests, combined with a relative dearth of timber plantations 
was predicted to lead to timber shortages in Malaysia by 2000- a country which retains up 
to 70% of its forest cover (Amir et al., 1994). Despite their severe physical and chemical 
constraints, the extent, accessibility and physically tractable nature of sandy tailings has 
made them the focus of attention for foresters keen to establish new plantations, and 
conversion for forestry (and agriculture) is set to increase from 1990 levels (Table 2.15.). 
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2.3.1.1. SOIL AGGREGATE STABILITY AND WATER RETENTION 
Various attempts have been made to improve the water and nutrient retention of sandy 
tailings, the most straightforward of these being the incorporation of slimes. Lim et al. 
(1981) presented data on trials incorporating slimes and synthetic soil conditioners into 
sandy tailings (Tables 2.16 & 2.17). 
Mixture Sand(%) Slime(%) Sand(%) Silt(%) Clay(%) 
A 100 0 90.2 5.0 4.7 
B 90 10 85.0 5.8 9.2 
c 80 20 81.3 5.5 13.2 
D 70 30 74.3 9.0 16.7 
E 60 40 66.3 10.0 23.7 
F 50 50 56.3 14.0 29.7 
G 40 60 50.8 16.5 32.7 
H 30 70 44.3 18.4 37.3 
I 20 80 37.3 19.0 43.7 
J 10 90 30.9 19.9 49.2 
K 0 100 22.9 22.7 54.3 
Table 2.16. Sand and slime mixtures used for stability I water retention testing, and the 
actual particle size distributions which they represent (Lim et al., 1981). 
Water retention % aggregation 
(0.33 - 15bars) (>2mm) 
Mixture Control 1.5% BE 0.05% Control 1.5% BE 0.05% 
PAM PAM 
A 1.0 0.8 1.0 53.1 23.3 
B 2.8 2.6 2.7 31.2 63.5 37.2 
c 5.6 3.7 5.9 48.7 73.6 49.6 
D 6.7 3.9 7.0 51.9 75.5 52.2 
E 10.1 6.4 10.9 55.7 77.3 58.8 
F 11.6 7.5 12.0 54.5 74.0 57.1 
G 12.4 8.7 13.1 53.5 76.5 52.9 
H 13.7 9.2 13.5 47.4 77.7 54.6 
I 17.0 10.4 17.9 59.8 71.3 60.8 
J 17.3 10.2 18.0 61.7 72.3 69.2 
K 18.0 14.8 19.6 61.9 71.1 60.8 
Table 2.17. Water retention and aggregate stability for various sand and slime mixtures, with 
or without added bitumen emulsion (BE) or polyacrylamide (PAM). (Lim et al., 1981). 
These data indicated that adding slime to sandy tailings improved both water retention and 
aggregate stability. However, the use of slimes in this manner could have adverse effects 
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on soil chemistry (Section 2.2.5.). Lim et al. (1981) later repeated the experiment to 
determine the effects of the various mixtures on growth of Brassica chinensis (Tables 2.18. 
& 2.19), demonstrating that mixing 70% sand and 30% slime produced the greatest growth 
enhancement in unconditioned soils. 
Mixture Sand(%) Slime(%) Sand(%) Silt(%) Clay(%) 
A 100 0 96.1 1.4 2.5 
B 90 10 86.1 5.8 8.1 
c 80 20 81.8 5.0 13.2 
D 70 30 67.0 11.0 22.0 
E 60 40 60.7 12.8 26.5 
F 50 50 56.0 13.5 30.6 
G 40 60 45.9 18.7 35.4 
H 30 70 39.0 22.0 39.0 
I 20 80 31.2 23.5 45.3 
J 10 90 30.4 24.0 45.6 
K 0 100 17.1 31.5 51.4 
Table 2.18. Sand and slime mixtures used for growth trials of Brassica chinensis 
(Lim et al., 1981) 
Dry weights (g planf1) 
Mixture Control 1.5% BE 0.05%PAM 
A 0.6 b 0.1 b 4.2 a 
B 6.4 b 5.2 b 8.2 a 
c 8.1a 5.8 b 9.7 a 
D 9.3 a 9.7 a 8.9 a 
E 8.8 b 8.4 b 10.2 a 
F 8.1 a 9.3 a 9.6 a 
G 9.0 a 9.3 b 11.1 a 
H 9.2 a 9.0 a 9.9 a 
I 9.1 a 10.3 a 8.9 a 
J 8.8 a 9.9 a 10.4 a 
K 9.3 a 10.1 a 9.5 a 
Table 2.19. Mean dry weights of Brassica chinensis grown on sand and slime mixes, with or 
without (control) added bitumen emulsion (BE) or polyacrylamide (PAM). Means within rows 
with different letters are significantly different at p = 0.05 (Lim et al., 1981). 
An indirect approach for improving soil water retention is the application of surface 
mulches - which reduce evaporation. Commonly used materials include cut lallang 
(Imperata cylindrica, a grass common on waste ground), coconut husks and palm fronds, 
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peat, padi straw and sawdust. Live mulches, in the form of cover crops, may also be used 
where site conditions permit (Ang, See! & Mull ins, 1999) 
Mokhtaruddin & Norhayati (1995) used palm oil mill effluent (POME) to improve soil 
aggregation in the field, but despite additions of up to I OOt ha- 1, no difference was 
apparent. However, by combining POME with slimes, Mokhtaruddin & Zulkifli (1996) 
produced a seven-fold increase in aggregate stability_ Unfortunately, the nutrient and water 
retention characteristics of these mixtures were not recorded, although POME would 
certainly improve site fertility (Section 23.2.2.). Crops from unamended sandy tailings are 
very poor, but small inputs of slimes improve their water retention and nutrient status 
sufficiently to give (potentially) huge increases in yield. 
2.3.1.2. HIGH SURFACE TEMPERATURES 
High surface temperatures and low water retention rapidly produce vapour pressure 
deficits in crops grown on sandy tailings (Ang, See! & Mullins, 1999), but as ponds are 
common in mining areas (Table 2.20.), vapour pressure deficits may be readily corrected 
by irrigation (Lim, 1990). 
State 
Perlis 
Kedah 
Pulau Pinang 
Perak 
Selangor & Kuala Lumpur 
Negeri Sembilan 
Melaka 
Johor 
Pahang 
Terengganu 
Kelantan 
Total (ha): 
Area of tailings (ha) 
0 
2,510 
10 
71,850 
28,250 
2,090 
380 
5,660 
2,910 
40 
0 
113700 
Area of water bodies {ha) 
0 
260 
0 
11,350 
3,530 
300 
90 
520 
380 
10 
0 
16440 
Table 2.20. The area of tin mine tailings and associated water bodies in the states of 
Peninsular Malaysia {Chan, 1990). 
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Raising the water table of sandy tailings may also reduce surface temperatures through 
evaporative cooling. Ang, Seel & Mullins (1999) suggest reduction of sandy tailings to 
1.5m above the standing water table to bring water within the rooting zone of their test 
species (Acacia mangium). However, they do not record any concomitant effect of this 
procedure on surface temperatures. 
2.3.2. CHEMICAL CONSTRAINTS 
2.3.2.1. ACIDITY IN SANDY TAILINGS 
Applying lime to increase soil pH and reduce aluminium availability is a common practice 
in tropical soils (Sanchez & Salinas 1981). Equations 2.7- 2.9 outline the dissolution of 
calcite and production of hydroxide ions (Rowell, 1994): 
CaCOJ(sl "'Ca2\aqJ + Co/·<•qJ 
CO{+ H20 "'HC03- +OH. 
HC03. + H20 "'H2C03 +OH-
(2.7.) 
(2.8.) 
(2.9.) 
The excess of OH- ions produced by liming favours the formation of insoluble gibbsite 
(Al(OH)3), and above pH 5.5, concentrations of soluble and exchangeable aluminium are 
negligible. However, in many acid, tropical soils, large quantities of lime (up to lOt ha. 1) 
are necessary for neutralization, making the process expensive. Lime may also be 
unavailable in some tropical areas (Haynes & Mokolobate, 200 I). Fortunately, many 
tropical species are tolerant of acid soil conditions, and liming may not be necessary if the 
correct cultivar is selected. Where tolerant varieties are lacking, other, low-input methods, 
such as the application of organic residues, may also be used to control aluminium 
(Sanchez & Salinas 1981) (Section 2.3.2.3.). 
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2.3.2.2. FERTILITY 
ln addition to inorganic fertilizers, a range of organic waste materials have been used to 
improve the fertility of sandy tailings. These include palm oil mill effiuent, peat and oil 
palm empty fruit bunches (Table 2.21.). 
Peat POME EFB 
Total(%) 
c 34.4 
N 1.35 4.38 1.55 
Acid extractable (!lg g"1) 
p 520 580 780 
K 370 890 880 
ea 1380 1270 1160 
Mg 460 220 170 
Reference Yonebayashi et Vi mala et al., Vimala et al., 
al., 1994 1990 1990 
Table 2.21. Nutrient characteristics of some organic amendments applied to sandy tailings. 
Data for trials of maize (Zea mays) grown on sandy tailings with vanous orgamc 
amendments are given in Table 2.22. This clearly indicates that limiting factors should not 
be considered in isolation: POME has very little impact upon the nitrogen content of sandy 
tailings, and even seems to reduce CEC of the substrate, but still produces an enormous 
increase in crop yield compared with the control. 
Treatment Water retention pH H20 %C %N CEC Dry weight 
(1 -15 bars) (cmolc kg"1) (g planf1) 
Control 2.3 5.6 0.22 0.01 3.1 48.1 
Sewage Sludge 6.9 5.0 2.03 0.17 8.0 136 
Rubber Effluent 2.5 5.7 1.19 0.02 1.2 68.3 
POME 3.3 5.7 1.49 0.03 2.2 110 
Sawdust 4.4 5.2 1.18 0.05 2.2 29.8 
Peat 6.2 4.5 1.89 0.06 8.0 69.7 
Rice Husks 3.9 5.4 1.13 0.05 1.9 54.9 
Table 2.22. Some physical and chemical characteristics of sandy tailings after various 
organic amendments, and their effects on the dry weight of maize (Zea mays) 
(Lim et al., 1981). 
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Although peat is the most abundant bulky organic resource in Peninsular Malaysia 
(covering 800,000ha (Lim & Maesschalck, 1990)), it is the waste products of palm oil 
processing which have received most research attention, both from the Malaysian 
Agricultural Research and Development Institute (MARDI), and Forest Research Institute 
of Malaysia (FRIM). 
For vegetable production on sandy tailings, shallow (20cm) trenches are dug, and a layer of 
POME applied. This is covered with sand, into which seeds may be sown. Tomato yields 
in excess of 20t ha· 1 have been obtained with POME applications of 75t ha·1, and although 
POME is not cheap (RMSO per tonne), this is easily outweighed by the profit from crops 
produced by using it (tomatoes at RM800 per tonne) (Yimala et al. 1990). 
Establishing tree crops (both agricultural and arboricultural) requires different techniques, 
and the methods of MARDI and FRIM merge somewhat in so-called "POME 
Technology". A large (1m3) hole is excavated in sandy tai.lings and filled with alternating 
layers of EFB (Empty Fruit Bunches - another palm oil by-product) and sand. POME is 
mixed with the final, top layer of sand, and a tree planted in the resulting mixture. The 
technology has not yet been subjected to long-term tests, and the stability, nutrient and 
water efficiency of such an amended substrate is unknown. 
Unfortunately, the availability of POME and other bulky organic materials is variable, and 
they often cannot be sourced within mining areas. Unless the value of crops exceeds the 
cost of importing organic amendments into such areas, more traditional rehabilitation 
methods (such as filling planting holes with locally collected forest soils) are likely to 
remain a standard practice for tree establishment on sandy tailings (HSS Integrated, 1994). 
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2.3.2.3. THE INTERACTIONS OF ALUMINTUM , TRACE ELEMENTS AND ORGANIC RESIDUES 
The availability of many elements is dependent upon soil pH (Figure 2.12.), with 
micronutrient and toxic trace elements becoming more available as acidity increases. This 
can be counter-acted by liming, effectively rendering many elements unavailable for plant 
uptake. However, liming large areas of tropical soils may not be practical (Section 
2.3.2.1.), and other approaches are required to immobilise or reduce the toxicity of trace 
elements. 
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Figure 2.12. The effect of soil pH upon nutrient availability to plants 
(adapted from Sparks, 1995). 
In natural soils, humic substances constitute between 70 and 80% of their organic content, 
and these are responsible for many of the soil 's chemical properties. They are complex 
groups of high molecular weight organic molecules, with a core of phenolic polymers 
produced during the biological degradation of plant and animal residues. Soil organic 
matter (SOM) has a variable charge, and at pH 3 and above, dissociation of protons from 
functional groups gives it a net negative charge, and cation exchange capacity. This can 
account for up to 96.5% of the exchange capacity of sandy soils (Sparks, 1995). The 
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unusually high number of functional groups in SOM (including carboxyl, phenolic, enolic, 
and alcoholic hydroxide) (Table 2.23.) not only provide cation exchange sites, but fom1 
stable, non-toxic complexes with ions such as Al3+ (Sparks, 1995). 
Functional group Structure 
Acidic groups 
Carboxyl 
Enol 
Phenolic OH 
Quinone 
R-C=O(-OH) 
R-CH=CH-OH 
Ar-OH 
Ar=O 
Neutral groups 
Alcoholic OH R-CHrOH 
Ether 
Ketone 
Aldehyde 
Ester 
R-CH2-0-CH2-R 
R-C=O(-R) 
R-C=O(-H) 
R-C=O(OR) 
Alkaline groups 
Amine R-CH2-NH2 
Amide R-C=O(-NH-R) 
Table 2.23. Some functional groups of soli organic matter 
(R represents an aliphatic backbone, and Ar an Aromatic ring) (Sparks, 1995). 
The mechanisms involved in the reactions of aluminium with organic matter are diverse 
and probably involve simultaneous chelation, complexation, adsorption and eo-
precipitation. These result in formation of soluble and insoluble aluminium chelates 
(Skyllberg, 1999). However, even when bound to soluble humic materials (such as humic 
or fulvic acids), aluminium is rendered non-phytotoxic and at pH 3.5, an increase in soil 
organic matter from 1 to 2% lowers exchangeable aluminium from 6.0 to 4.2cmolc kg-1 
(Haynes & Mokolobate, 2001). Humic acids are also effective at reducing both the 
rhizotoxicity of lanthanum to maize (Diatloff et al., 1998) and the phyto-availability of 
lead (Zimdahl, 1976). 
The particular nature of an organic residue is important to its potential for removal of 
aluminium from solution (Figure 2.13.). Although polypheno1ic compounds in newly-cut 
plant materials will complex with trace elements, decomposition and generation of 
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carboxyl and phenolic groups greatly enhance its complexation potential. The greater 
effectiveness of leguminous residues in reduction of aluminium availabi lity may be due in 
part to their lower CIN contents and more rapid mineralization (W ong et al., 2000). 
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Figure 2.13. Concentration of monomeric AI (J..IM) in soil solution of a podzolic soil as 
affected by source and rate of applied organic material (open symbols: grasses; closed 
symbols: legumes) (Haynes & Mokolobate, 2001 ). 
Hue & Ami en ( 1989) conducted a greenhouse trial in which leafy material of two 
leguminous species ( Vigna unguiculata and Leuceana leucocephala) and one grass 
(Panicum maximum) were applied in varying amounts to a tropical ultisol. The aluminium-
sensitive legume Sesbania cochinchinensis was grown in the various substrates, and its 
growth recorded (Table 2.24.). The legumes were more effective than the grass at reducing 
aluminium availability. indeed, organic residues were more effective than applying lime to 
the same soils, providing the additional benefits of improved soil fertility and structure. 
84 
Chapter 2. Literature Review 
Biomass Exchangeable 
Application Top Roots Total pH AI ea 
Ca(OHh (cmoi(OH) kg"1) 
0 0.38 0.16 0.54 3.80 7.55 4.65 
1.8 0.92 0.49 1.41 3.90 5.80 5.45 
3.6 1.33 0.92 2.25 4.05 4.32 7.00 
7.2 4.84 1.15 5.99 4.25 1.92 10.50 
Vigna unguiculata (g kg"1) 
5 1.62 0.62 2.24 3.83 5.05 4.88 
10 2.09 0.85 2.94 4.02 4.51 4.85 
20 4.67 1.72 6.39 4.21 3.70 4.38 
Panicum maximum (g kg"1) 
5 0.12 0.07 0.19 3.88 6.97 4.35 
10 0.16 0.09 0.25 3.90 6.17 5.20 
20 1.60 0.55 2.15 4.12 4.17 4.55 
Leuceana leucocephala (g kg"1) 
5 0.62 0.30 0.92 3.95 5.29 4.35 
10 3.72 1.51 5.23 4.08 3.55 4.45 
20 5.73 1.58 7.31 4.20 2.77 4.83 
Table 2.24. Biomass (in grammes per pot) of Sesbania cochinchinensis, soil-solution pH, 
and exchangeable (extractable with 1M KCI) aluminium and calcium, as affected by various 
soil amendments (Adapted from Hue & Amien, 1989). 
2.4. PLANT SURVIVAL ON NUTRIENT-DEFICIENT, ACIDIC TROPICAL SOILS 
Sandy tailings exhibit a wide range of physical and chemical constraints which result in 
limited plant colonization, together with problems for agriculture and forestry. However, 
many of these symptoms are not unique to sandy tailings. Acid, aluminium-dominated, 
low-nutrient soils are common throughout the tropics (Table 2.25.), and various low-input 
technologies have been developed to improve their productivity. Whilst inorganic 
fertilizers may be necessary for correction of some macro and micronutrient deficiencies 
(depending upon the degree of weathering), use of plant - microbiological associations to 
improve nutrient acquisition efficiency represent a more desirable (and economic) long-
term solution. 
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N deficiency 
P deficiency 
K deficiency 
High P fixation 
AI toxicity 
ea deficiency 
Mg deficiency 
Low water holding capacity 
Low EeEe 
Area 
(106 ha) 
969 
1002 
799 
672 
756 
732 
739 
583 
577 
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Percentage of total area 
(1043 x 106 ha) 
93 
96 
77 
64 
72 
70 
70 
56 
55 
Table 2.25. Geographical extent of major soil constraints in regions dominated by acid, 
infertile soils (excluding Tropical America). EeEe: Sum of exchangeable AI, ea, Mg & K 
(Sanchez & Salinas, 1981). 
Symbiotic fungi are able to explore soils with more efficiency than roots, greatly 
improving the exploitation of soil phosphate, while simultaneously conferring a degree of 
heavy metal and drought tolerance on their hosts. In addition, plant associations with 
nitrogen fixing bacteria provide a biological alternative to application of mineral nitrate or 
ammonium fertilizers, which are be rapidly leached from sandy soils (Sanchez & Salinas, 
1981 ). Indeed, leguminous and mycorrhizal plants are often the only species that colonize 
mine spoils and sandy soils (Moser & Haselwandter, 1983). 
2.4.1. MYCORRJ-IIZAL ASSOCIATIONS 
Mycorrhizae represent the most widespread association between microorganisms and 
higher plants. Globally, 83% of dicotyledonous plants and 79% of monocotyledonous 
plants form mycorrhizal associations (Marschner, 2002). They are generally absent among 
the Cruciferae and Chenopodiaceae, and often absent in species which form highly-
developed clustered root patterns, as these are better suited for soil exploitation without 
fungal assistance (Grierson & Attiwill, 1989). The fungus is strongly or wholly dependent 
on the plant, whereas the plant may not be dependent on the fungus. There are two major 
groups of mycorrhizal fungi, classified into the endo- and ecto-mycorrhizae according to 
their root colonization strategies. 
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Ectomycorrhizae associate chiefly with the roots of woody plants, and are characterized by 
two features: a mantle of interwoven hyphae around the root, and hyphae which penetrate 
the intercellular spaces of the root cortex to form a diagnostic mycelial network (the Hartig 
net). This envelops the cortical cells, providing a large transfer surface for movement of 
nutrients (and other materials), between fungus and plant (Marschner 2002). 
Endomycorrhizae also penetrate the root cortex, but their hyphae grow within, as well as 
around, the cortical cells, and one group - the arbuscular mycorrhizal fungi (AMF) - are 
the most common of all mycorrhizae. Branched structures (arbuscules) within cortical cells 
provide the nutrient exchange interface. Lipid storage structures (vesicles) may also be 
formed within cortical cells, hence the expression 'vesicular-arbuscular mycorrhizal fungi' 
or YAM (Figure 2.14.). Since vesicles and I or arbuscules are not formed by all species 
under all circumstances, there is disagreement as to whether V AM or AMF is more 
generally applicable, although the expressions are often used interchangeably. 
Appressorium 
at entry point 
Intracellular 
hyphae 
Vesicle 
Intercellular 
hypha in air 
channel 
Arbuscules 
Figure 2.14. Infection of the root cortex by a generalized arbuscular mycorrhizal fungus 
(Brundrett et al., 1996). 
AMF develop an extensive network of hyphae outside the root (the extra radical 
mycelium), enabling the fungus to access larger volumes of soil than are accessible to roots 
alone. Reproduction is by means of spores, produced in the soil or within roots. These may 
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be isolated and used to inoculate chosen host plants. Sections of infected root may also be 
used for this purpose (Brundrett et al., 1996). 
2.4.1.1. PHOSPHORUS NUTRITION 
Although there have been many studies on improved plant nutrition and stress tolerance 
following mycorrhizal infection, most have concentrated on phosphorus. This is of 
particular significance in acid tropical soils, where phosphate is bound onto hydrous 
aluminium and iron oxides, removing it from the soil solution (Janos, 1987). Whether 
mycorrhizal fungi are able to access this phosphate pool, or whether they simply exploit 
the available soil volume more efficiently than their hosts is unclear (Ames & 
Bethlenfalvay, 1987). However, improved phosphorus nutrition is noted in most 
mycorrhizal plants, and the fungi may supply up to 80% of their host's phosphate 
requirements (Marschner & Dell, 1994). 
In addition to inorganic phosphate reserves, there is evidence that the extra radical 
mycelium is able to access organic phosphorus sources, and the fungal mycelium certainly 
appears to proliferate in soil organic matter (Section 2.4.1.8.) (Marschner & Dell, 1994). 
As soil phosphate levels increase (through fertilizer application), the growth enhancement 
effects of AMF decline, and the association may ultimately become parasitic (Saif, 1986). 
Treatment P Shoot dry Shoot P Root dry Root I shoot 
(llg g"1) +I- weight content weight dry weight 
AMF (m g) (%) (mg) ratio 
10 46 0.08 38 0.85 
+ 464 0.15 290 0.63 
25 121 0.07 124 0.98 
+ 703 0.22 387 0.57 
40 230 0.12 230 0.92 
+ 323 0.23 323 0.55 
Table 2.26. Growth and P content of mycorrhizal and non-mycorrhizal red clover (Trifolium 
pratense) plants grown at different P levels on P-deficient soils (Hardie & Leyton, 1981). 
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Table 2.26. illustrates the balance that must be struck between applied phosphate and 
mycorrhizal inoculation. Although inoculation of Trifolium pratense resulted in improved 
shoot growth at all levels of applied phosphate, this improvement begins to decrease above 
a phosphate application of25j.J.g g- 1 (Hardie & Leyton, 1981). 
2.4.1.2. NITROGEN NUTRITION 
Improved phosphate nutrition produces a number of secondary effects, including improved 
nodulation, N2 fixation and growth of legumes (Salinas, Sanz & Sieverding, 1985). Indeed, 
many legumes growing on low phosphate soils are highly dependent upon AMF infection. 
Bridges between hyphae in the extra-radical mycelium may also permit the transfer of 
nitrate and other nutrients from leguminous to non-leguminous plants in mixed stands, but 
this is only likely to occur when the leguminous plant has access to mineral-N, and is not 
entirely dependent upon atmospheric fixation. Preferential uptake of NH4-N by 
mycorrhizal hyphae from the soil solution causes acidification of the hyphosphere, and 
may be responsible for solubilization of phosphate sources in less acidic soils (Marschner 
& Dell, 1994). 
2.4.1.3. MICRONUTRIENT NUTRITION 
AMF effects on uptake of micronutrients such as Zn, Cu, Fe and Mn seem to depend upon 
the precise interactions of plant species (and cultivar), fungal type, soil pH, soil physical 
conditions, soil temperature and levels of available nutrients (Kucey & Janzen, 1987). In 
an experiment with soybean, George, Romheld & Marschner (1994) determined that levels 
of Fe and Mn were significantly reduced in mycorrhizal plants, while Zn and Cu were 
significantly increased. Plant weights and P contents were statistically similar (Table 
2.27.). 
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Dry weight p Fe Mn Zn Cu 
(g planf1) 
High P 18.42 1400 97.0 161 32.4 20.5 
-AMF 
LowP 19.38 1300 80.3 99 56.9 64.1 
+AMF 
Table 2.27. Effects of AMF on growth and leaf content of various nutrient elements 
(~g g"1) of Soybean (Glycine max) (George, Romheld & Marschner, 1994). 
They also determined that concentrations of Zn and Cu may increase in the roots of 
mycorrhizal plants, but not the shoots. Root to shoot translocation of Zn and Cu increased 
when soil P levels were raised, indicating that they might be stored in fungal structures 
within roots. Improved phosphate nutrition reduced mycorrhizal colonization and fungal 
sequestration of these micronutrients. 
In an earlier experiment, Lambert, Baker & Cole Jr ( 1979) examined the interactive effects 
of inoculation and phosphate addition on soybean and corn uptake of this same group of 
elements. They also examined the effects on shoot content of K, Ca and Mg (Table 2.28.). 
AMF Added soil p Zn Cu Fe Mn K Ca Mg 
Status p (~g g"') 
Soybean 
0 720 17 5.9 59 66 2300 1800 620 
+ 0 2440 97 14.5 115 127 4200 3100 1150 
200 6620 44 14.0 222 258 8600 4900 2220 
+ 200 9510 74 16.4 212 214 8600 4200 2120 
Corn 
0 750 28 6.9 80 72 6000 1200 430 
+ 0 1340 95 14.1 147 101 9700 1600 630 
200 13950 84 33.4 362 373 21000 4600 2690 
+ 200 16080 118 35.0 312 406 22600 4500 3130 
Table 2.28. Shoot element concentrations (~g g"1) of mycorrhizal and non-mycorrhizal 
soybean (Glycine max) and corn (Zea mays) in response to phosphorus fertilizer additions 
on a low-P silt loam soil (Lambert, Baker & Cole Jr, 1979). 
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In unamended soil, mycorrhizal inoculation caused a significant increase in shoot 
concentrations of all e lements in soybean, and all except Mn, K and Ca in corn. However, 
once soil phosphate fertility was improved, mycorrhizal inoculation significantly increased 
levels of P and Zn in soybean plants (Fe and Mn in corn plants). This variability in crop 
response may be species-specific, but is generally ascribed to a tendency for phosphate 
sufficient plants not to accumulate micro- or macronutrients within their tissues (Lambert, 
Baker & Cole Jr, 1979). A scheme for macro and micronutrient uptake by a generalized 
AMF fungus is given in Figure 2.15 . 
· .. ? 
·.· 
.. ····'···.. . .. ···"'··· .. (Mg) (Ca) 
·· .......... · ·· ..... .. ·· 
Figure 2.15. Schematic representation of nutrient acquisition by arbuscular mycorrhizal 
fungi (Adapted from George, Romheld & Marschner, 1994}. 
2.4.1.4. HEAVY METAL TOLERANCE 
When supplied in excess, some micronutrients become phytotoxic. Thus, improved uptake 
by symbiotic mycorrhizae would not be beneficial to the host. However, there is also 
evidence that while some plants are more resistant to normally phytotoxic levels of heavy 
91 
Chapter 2. Literature Review 
metals, mycorrhizal fungi may participate m the resistance strategy of others (Leyval, 
Turnau & Haselwandter, 1997). 
Metal-tolerant fungi may be more abundant in soils with elevated metal contents, but can 
also be isolated from non-contaminated soils, suggesting a wide variation in the 
mycorrhizal population (Wilkinson & Dickinson, 1995). Indeed, resistant fungal isolates 
have also been collected from the roots of non-resistant plants. Ton in et al. (200 I) 
inoculated a non-resistant plant (Trifolium subterraneum) with AMF fungi isolated from a 
Zn-resistant plant (the so-called 'Zinc Violet', Viola calaminaria), and compared the data 
with plants inoculated with a non-resistant AMF isolate. Roots colonized by the resistant 
AMF fungi contained significantly greater quantities of Zn and Cd, but levels in the shoots 
were the same for all treatments, again indicating a trend of fungal accumulation of toxic 
elements {Ton in et al., 200 I). 
However, data for mycorrhizal benefit under heavy metal stress are generally less 
conclusive. Diaz, Azc6n-Aguilar & Honrubia ( 1996) determined that the effects on uptake 
of Zn and Pb by Lygeum spartum and Anthyllis cytisoides varied according to AMF 
species. ln A. cytisoides, inoculation with Glomus mosseae decreased heavy metal uptake, 
while Glomus macrocarpum increased it. However, both mycorrhizae suppressed heavy 
metal uptake in L. spartum. Weissenhom, Leyval & Berthelin (1995) found that maize 
(Zea mays) plants grown on fields contaminated by Cd, Zn and Pb contained significant 
levels of these elements, despite the relatively abundant AMF colonization of plants grown 
there. Killham & Firestone (1983) combined heavy metal inputs with increased acidity, in 
an attempt to simulate deposition from a metal smelter. Their general conclusions were that 
increased acidity and increased metal load on the soil resulted in increased metal levels in 
inoculated plants. lndeed, inoculated plants exhibited lower growth than non-inoculated 
specimens subjected to the same treatments. Since the uptake of many cations is 
antagonistic (Section 2.2.4.), improved soil nutrition is often sufficient to ensure that heavy 
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metal uptake is decreased. Mycorrhizal improvements in plant nutrition might therefore be 
the most important component in alleviation of heavy metal stress in their host (Berreck & 
Haselwandter, 2001 ), and mycorrhizae are key to the survival of plants on contaminated 
soils (Meharg & Cairney, 2000). 
2.4.1.5. ALUMfNfUM TOLERANCE 
It is generally assumed that inoculation with appropriate AMF confers A)-resistance on 
their hosts (Koslowsky & Boerner, 1989), but this again depends upon the specific host, 
symbiont and soil conditions. An experiment growing banana plants in a semi-hydroponic 
system (Rufyikiri, 2000) showed improved Ca, P and N~ + uptake in inoculated specimens 
subjected to various solution-A! concentrations. However, increased aluminium levels 
reduced plant weights whether inoculated or not, except at the highest AI concentration, 
where inoculated plants were significantly larger than the controls (Figure 2.16.). 
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Figure 2.16. Root & Shoot weights of mycorrhizal (open bars) and non-mycorrhizal (shaded 
bars) banana plants receiving a range of aluminium treatments (Rufyikiri et al., 2000). 
2.4.1.6. WATER USAGE AND DROUGHT STRESS 
Mycorrhizal plants often have greater leaf area I root length ratios, increasing their 
transpiration rates and potentially rendering them prone to drought. Kothari, Marschner & 
George (1990) grew maize in soil with or without added AMF. Although shoot and root 
93 
Chapter 2. Literature Review 
weights did not significantly differ between treatments, root length was significantly 
reduced in mycorrhizal plants, while leaf areas increased (Table 2.29.). 
Treatment Shoot dry weight 
(g planf1) 
+AMF 22.8 
-AMF. 20.0 
Root dry weight 
(g planf1) 
4.6 
4.8 
-
Root length 
(m planf1) 
367 
619 
Leaf area 
(cm2 planf1) 
3847 
2757 
Table 2.29. Maize root and shoot growth in relation to soil mycorrhizal state 
(Kothari, Marschner & George, 1990) 
Mycorrhizal roots supported greater rates of transpiration with smaller root systems, 
indicating a greater efficiency of water uptake per unit root length. Whether this was due 
simply to increased demand, or increased hydraulic conductivity in mycorrhizal roots, was 
not determined (Kothari, Marschner & George, 1990), although Arnes & Bethlenfalvay 
(1987) showed that mycorrhizal plants were able to absorb water against steeper water 
potential gradients than non-inoculated specimens, and mycorrhizal hyphae may allow 
direct soil to root water transport (George et al., 1994). 
Although greater leaf area I root length ratios would indicate a susceptibility to drought 
stress, Sylvia & Williams ( 1992) suggested that improved phosphorus nutrition actually 
conferred greater stress tolerance on mycorrhizal plants. This does not indicate that 
inoculated plants grow as well under normal and drought conditions, merely that improved 
nutrition enables plants to better survive periods of such stress and when grown under 
water-limiting conditions, Michelsen & Rosendahl ( 1990) showed that although 
mycorrhizal inoculation improved growth of both Leucaena leucocephala and Acacia 
nilotica, plants were still smaller than non-inoculated specimens grown under normal water 
regimes. 
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2.4.1. 7. SOIL AGGREGATION 
Hypha! binding of soil particles has been noted in various types of soil - especially sandy 
soils and sand-dunes (Thomton, Cowie & McDonald, 1956). Sutton & Sheppard (1987) 
examined the quantities of soil particles adhering to the roots of mycorrhizal and non-
mycorrhizal bean (Phaseolus vulgaris) plants. While greater quantities of soil adhered to 
mycorrhizal roots, it was unclear whether this was directly due to the presence of hyphae, 
or due to a secondary effect such as the enhanced production of mucilage by 
microorganisms within the rhizosphere. Whatever the mechanism, formation of water-
stable soil aggregates, total soil porosity and soil water permeability were all improved by 
mycorrhizal plants in a experiment documented by Ames & Bethlenfalvay (1987). 
Mycorrhizal aggregate formation could therefore be significant for soil formation on sandy 
tailings. 
2.4.1.8. INTERACTIONS WITH ORGANIC MATTER 
Mycorrhizal fungi demonstrate increased hypha! branching and saprophytic growth in the 
presence of organic matter (St. John, Coleman & Re id, 1983). 
Treatment Plant dry weight (g) - AMF Plant dry weight (g) + AMF 
No added P 0.32 1.05 
KH 2P04 1.36 2.33 
Phytic Acid 0.79 2.12 
Glycerophosphate 1.05 2.64 
RNA 0.61 2.56 
AMP 1.55 1.84 
ATP 0.69 3.10 
CMP 0.59 2.93 
Table 2.30. Growth of Andropogon gerardii in an artificial medium amended with various 
organic-P sources, together with an inorganic-P source and control. RNA: Ribonucleic Acid; 
AMP: adenosine 2'- and 3'- monophosphate; ATP: adenosine 5'- triphosphate; CMP: 
cytidine 2'- and 3'- monophosphate (Jayachandran, Schwab & Hetrick, 1992). 
95 
Chapter 2. Literature Review 
In an experiment using several organic-P sources, Jayachandran, Schwab & Hetrick (1992) 
demonstrated that application of all but one organic-P source resulted in significantly 
increased dry weight of the host plant Andropogon gerardii when inoculated with AMF 
fungi (Table 2.30.). In non-mycorrhizal plants, significant increases in dry weight were 
found with only two organic treatments - glycerophosphate and AMP -which may reflect 
the ease of mineralization of these compounds. There is much debate as to whether these 
effects are a direct result of mycorrhizal mineralization of the organic phosphate, or an 
indirect result of mycorrhizal enhancement of soil microbial activity and mineralization of 
organic residues (Ames & Bethlenfalvay, 1987; Joner & Jakobsen, 1995). 
2.4.1.9. TOLERANCE OF EXTREME TEMPERATURES 
Coal wastes may reach temperatures of 75°C - inducing heat girdling and death of most 
tree seedlings. However, those which survive are always found to be actively mycorrhizal. 
Such surface temperatures are not uncommon: soils in the high Alps may reach 80°C on 
sparsely vegetated slopes (Moser & Haselwandter, 1983). Inoculation of Pinus taeda with 
an ectomycorrhizal fungus allowed the plants to grow as well at 40°C as at 25°C, but non-
inoculated plants perished at the higher temperature (Bowen, 1980). Although this suggests 
that mycorrhizal fungi are able to survive extremes of temperature, optimal mycorrhizal 
activity occurs at soil temperatures of around 30°C. Excessive surface temperatures (such 
as those found on sandy tailings, or cleared forest soils (a bare soil in Zaire was found to 
reach 86°C)) undoubtedly reduce mycorrhizal efficacy, and may effectively sterilize such 
substrates (Janos, 1987). 
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2.4.1.1 0. MYCOR.R.HIZAE AND MINE SOILS 
Any activity which disturbs soil structure has an impact upon populations of soil 
microorganisms, including mycorrhizal fungi. Agricultural practices such as tilling can 
reduce mycorrhizal populations in tropical soils, although some isolates are more 
susceptible to disturbance than others (Boddington & Dodd, 2000). Severe disturbance 
such as topsoil removal and stockpiling prior to mining can have more serious 
consequences. No matter how short the storage time, mycorrhizal diversity in stockpiled 
soils will always be lower than undisturbed soils (Reddell & Milne, 1992), although 
moderate temperatures and arid conditions favour mycorrhizal survivability in such 
circumstances (Jasper, Robson & Abbott, 1987). 
Low populations of mycorrhizal fungi might be expected in sandy tailings, since they are 
low in organic matter and mineral nutrients, as well as subjected to high temperatures in a 
humid climate. In addition, their origins- some 30m below the soil surface- would tend to 
preclude a mycorrhizal presence. This was confirmed by Shamsuddin ( 1980), who sampled 
five year old sandy tailings and found them to be free of both mycorrhizal fungi and 
Rhizobium bacteria. Nadarajah & Nawawi (1988) confirmed that sandy tailings were 
devoid of AMF, except in areas that had been colonized by plants. Plants from all families 
(except the Cyperaceae) were found to be mycorrhizal (Table 2.31.). Whether fungal 
propagules are responsible for early colonization of mine wastes, or whether early pioneer 
plants form effective loci for establishment of the fungi is unknown, but the importance of 
AMF in plant colonization of degraded habitats is widely acknowledged (Sanchez-Diaz, 
1996). 
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Root Root 
Plant taxon colonization (%) Plant taxon colonization (%) 
Cyperaceae Euphorbiaceae 
Cyperus aromatica 0 Ma/lotus barbatus 8 
Cyperus compressus 0 Phy/lanthus niruri 10 
Cyperus rotundus 0 
Fimbristylis acuminata 0 Labiateae 
Fimbristylis g/obosa 0 Hyptis capitata 19 
Gramlneae Leguminoseae 
Axonopus compressus 35 Centrosema pubescens 48 
Eleusine indica 42 Desmodium triflorum 63 
lmperata cylindrica 55 Pueraria phaseo/oides 59 
Paspalum conjugatum 60 
Sporobo/us indicus 12 Melastomataceae 
Melastoma malabathricum 27 
Casuarinaceae 
Casuarina equisetifolia 49 Rubiaceae 
Borreria laevicaulis 63 
Compositae Borreria latifolia 34 
Ageratum conyzoides 30 Hedyotis herbaceus 41 
Eupatorium odoratum 70 
Mikania cordata 40 
Tridax procumbens 63 
Table 2.31. Plants from sandy tailings and their colonization by mycorrhlzal fungi 
(Nadarajah & Nawawi, 1988). 
2.4.1.11. MYCORRHIZAE IN REHABILITATION OF DEGRADED TROPICAL LANDS 
The precise importance of mycorrhizae for colonization and successional processes on 
degraded tropical soils is subject to conjecture. Miller & Jastrow (1992) state that many 
early successional plants in tropical environments are non-mycorrhizal. However, this 
contradicts Gemma and Koske (1994), who identified AMF fungi as important factors in 
plant establishment on sandy coastal sites, with the number and diversity of mycorrhizae 
increasing with age of the colonized substrate. Many of the species identified as 
mycorrhizal by Nadarajah & Nawawi (1988) were also listed by Palanniapan (1974) in his 
study of the colonization of sandy tailings. However, even in the presence of mycorrhizal 
species such as Borreria laevicaulis, B. latifolia, Desmodium triflorum, Eleusine indica, 
Pueraria phaseoloides and Tridax procumbens, 56% of the surface of sandy tailings 
remained bare of vegetation thirty years after their deposition (Palanniapan, 1974). 
Undoubtedly, different plant species benefit from different AMF taxa, and the diversity of 
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AMF could be reflected in diversity of the above-ground plant community (van der 
Heijden et al., 1998). Under temperate conditions, AMF are certainly important in 
determining species composition in communities colonizing bare soil (Gange, Brown & 
Sinclair, 1993). 
Since the presence of mycorrhizae seems to encourage colonization of degraded soils, 
inoculation should be a common practice during rehabilitation of mine soils. This is indeed 
the case in Australia (Jasper, Abbot! & Robson, 1989; Reddell & Milnes, 1992), but 
seemingly not for other parts of Australasia. Inoculation (with ectomycorrhizae) of rain 
forest timber species is a well established practice in Malaysia (Alexander, Norani & Lee, 
1992; Lee & Alexander, 1996), and some attention has been given to inoculation of 
commercial plantation crops there (de S. Waidyanantha, 1980), but trials on sandy tailings 
are limited (Nik Muhamad, 1990). 
In Indonesia, the use of mycorrhizae for rehabilitation of tailings produced during nickel 
mining has been explored with varying success (Table 2.32.) (Yadi, Jefferies & Dodd, 
2000). The importance of selecting the correct association of host and AMF isolate was 
once again demonstrated, although Enkhtuya, Rydlova & Vosatka (2000) concluded that 
variations in the soil substrate are just as significant as the type of AMF used. 
Treatment Paraserianthes Acacia Trichospermum 
fa/cataria mangium buretti 
Acaulospora spp. 3.21 1.58 1.24 
Gigaspora rosea 3.40 1.96 2.01 
Glomus etunicatum 3.71 1.29 2.11 
Fertilizer 2.01 0.69 0.87 
Control 1.42 0.47 0.50 
Table 2.32. Shoot dry weights (mg) of eight week old seedlings of three tropical tree species 
in response to inoculation with three different AMF or added fertilizer 
(Yadi, Jefferies & Dodd, 2000). 
Mycorrhizae certainly appear to confer many advantages to their host plants when grown 
in stressful environments. Whether they could be important for the low-input rehabilitation 
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of sandy tailings has yet to be determined, especially since their various functions might 
conflict. Organic matter is known to strongly adsorb aluminium and heavy metals such as 
lead (Section 2.3.2.3.), reducing their presence in the soil solution. However, mycorrhizae 
proliferate in organic matter, and could increase uptake of toxic elements from it. 
Experimental work to elucidate these interactions is vital before mycorrhizal inoculation 
can be recommended for widespread use in rehabilitation attempts on sandy tailings. 
Unlike rhizobia! associations, which fix nitrogen from the atmosphere, mycorrhizae are 
only able to access existing soil nutrient reserves. Reserves within sandy tailings may 
simply be too low to allow enhanced growth, even when inoculated, and combining 
inoculation with low fertilizer inputs might provide an appropriate economic compromise. 
This has been the experience in Venezuala, where Cuenca, De Andrade & Escalante 
(1998) used a combination of triple superphosphate fertilizer applied at I OOkg ha·', 
together with AMF inoculation, to give 50% more plant cover in degraded pastures. Using 
AMF alone increased ground cover by only 12%. A similar effect was found by Jasper, 
Abbott & Robson ( 1989), who used a combination of KH2P04, Rhizobia and mixed AMF 
to improve the establishment of Acacia concurrens on sandy mine tailings in Australia. 
This dual approach could be the most practical way forward for sustainable plant growth 
on sandy tailings. They may be deficient in one or more nutrients that can only be supplied 
in inorganic form, but simultaneous inoculation with mycorrhizal fungi would improve 
uptake of these nutrients as well as ensuring that their hosts were more resistant to drought 
or heat stress. 
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2.4.2. NITROGEN FIXING SPECIES 
Sandy tailings contain significantly lower nitrogen levels than natural soils (Table 2.9.). 
Whilst this could readily be overcome by addition of inorganic fertilizer, the physical 
nature of the substrate would ensure that it was rapidly leached through the soil profile. 
Using plants which form associations with nitrogen-fixing bacteria could prove more 
economic, and plantation trials on sandy tailings have mostly focussed on exotic Acacia 
species which do just this (Ang & Ang, 1997). 
2.4.2.1. NITROGEN-FIXING BACTERIA 
Diazotrophic bacteria have the ability to reduce atmospheric dinitrogen into biologically 
useful ammonia using the enzyme nitrogenase, in the presence of Mg2+: 
(2.13.) 
The reduction of dinitrogen involves fission of the strong triple bond holding the two 
atoms together. Other small, triply-bonded molecules are also metabolized in this way, 
including acetylene (C2H2), in which the C=C bond is split and ethene (CzH4) generated. 
Accurate detection of ethene under controlled conditions provides a quantitative estimate 
of nitrogenase activity within N-fixing bacteria. The most important subunit of the 
nitrogenase enzyme is the FeMoco group, a complex inorganic cluster containing seven 
iron and one molybdenum atoms linked by sulphur. This molybdenum atom may be 
replaced by vanadium or iron in other types of nitrogenase, and adequate supply of these 
minerals would be required for successful nitrogen fixation (Postgate, 1998). 
2.4.2.2. LEGUMINOUS ASSOCIATIONS 
Eukaryotes are unable to fix atmospheric nitrogen, an ability which was acquired by the 
prokaryotes more than 3.5 billion years ago, and they must therefore rely upon symbiotic, 
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mutualistic relationships with prokaryotes to take advantage of the process (Binkley & 
Giardina, 1997). The most economically significant symbioses are formed by plants in the 
family Leguminosae, which comprises three sub-families: Papilionoidae, Mimosoidae and 
Caesalpinoidae, the members of each varying in their ability to form successful symbioses. 
Figures vary, but approximately 97% of the Papilionidae, 95% of the Mimosoidae and 
23% of the Caesalpinoidae are able to form functional symbioses with nitrogen fixing 
bacteria (de Faria et al., 1989). The bacteria responsible for nitrogen fixation in these 
leguminous symbioses are collectively referred to as rhizobia, although they fall into two 
broad categories - fast and slow growers. Rhizobium spp. are fast growing, while slow-
growers include Bradyrhizobium species. Sinorhizobium spp. occupy a midpoint between 
these extremes (Postgate, 1998). 
2.4.2.3. NODULE FORMATION 
In the absence of a suitable host, diazotrophic bacteria are free-living within the soil, where 
(with the exception of Bradyrhizobium) they do not fix atmospheric nitrogen. Rhizobia 
migrate towards the roots of their hosts in response to a series of chemical signals 
(lipochitooligosaccharides), which activate a genetic sequence within the bacteria. This 
causes them to secrete their own signal compounds, leading to the deformation of root 
hairs. These are then invaded by the bacteria, which begin to proliferate in special host 
cells which ultimately become organelles known as bacteroids. Bacteroids are surrounded 
by a peribacteroid membrane, isolating the bacteria from the host cytoplasm, but allowing 
certain fatty acids and essential mineral nutrients to reach the bacteria, which in turn 
release generated ammonia to the host. Generation of ammonia precisely matches plant 
requirements, and in a situation paralleling that of phosphorus nutrition in mycorrhizae 
(Section 2.4.1.1.), the plant will prevent bacterial colonization if the soil contains sufficient 
mineral nitrogen. Once symbiosis has been initiated, the host permits no further infection, 
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but since different strains of rhizobia differ in their nitrogen fixing efficacy, it is important 
that associations are fom1ed with the most appropriate rhizobia! strain for the particular 
circumstances (Postgate, 1998). 
2.4.2.4. NON-LEGUMINOUS ASSOCIATIONS 
Various other types of symbiotic association exist. In actinorrhizal symbioses, nodulation 
is initiated by non-rhizobia! diazotrophs. A common temperate example of such an 
association is between Alder (Alnus spp.) and the filamentous bacterium Frankia. Another 
member of the genus Frankia associates with the tropical tree genus Casuarina. Casuarina 
equisetifolia is particularly valuable for stabilization of dune sands and sandy soils, while 
Casuarina junghuhniana colonizes bare soil in more mountainous areas (Becking, I 982). 
In associative symbioses, free-living bacteria associate with, but are not dependent upon, 
certain grass species. The most widely-studied example of this kind of symbiosis is that 
which forms in the rhizosphere between Azotobacter paspali and the tropical grass 
Paspalum nota turn (Postgate, I 998). In humid tropical environments, bacteria-leaf 
associations can also be important. Beijerinckia bacteria colonize exudates on the leaf 
surface (the phyllosphere), and fixed nitrogen may be flushed from there into the soil by 
precipitation (Richards, 1996). Experiments with associative symbioses in minesite 
rehabilitation are uncommon, but have been undertaken in New Caledonia, where an 
Azospirillum brasilense - Chloris gayana association was examined. The authors were 
optimistic of its prospects as a rehabilitation technique (Mercky et al., I 997). 
2.4.2.5. LEGUMES AND NUTRIENT LIMITATIONS 
Deficiencies of nutrients such as phosphorus, zinc and sulphur will affect the host plant 
more significantly than the symbiont (Demeterio, Ellis Jr & Paulsen, 1972; Marsh & 
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Waters Jr, 1985; Bordeleau & Pn\vost, 1994). However, severe deficiencies of other 
minerals can impact the whole nodulation and nitrogen fixation process. 
Nodule formation has a higher calcium requirement than normal plant growth and calcium 
deficiency restricts nodulation in a range of temperate and tropical legumes, including 
Trifolium subterraneum, Glycine max, Arachis hypogea and Cajanus cajan. Nodule 
initiation and development are also affected by severe cobalt, boron and iron deficiencies 
(O'Hara, Boonkerd & Dilworth, 1988). Correct function of the established nodules may be 
impaired by lack of molybdenum (Broderick & Giller, 1991 ), cobalt (Riley & Oil worth, 
1985), copper (Snowball, Robson & Loneragan, 1980), iron (Caixian, Robson, Dilworth, 
1990) and calcium, although these processes all vary among rhizobia! strains (O'Hara, 
Boonkerd & Dilworth, 1988). 
2.4.2.6. RHIZOBIA AND ACIDITY 
Rhizobia! species also differ in their tolerance of acidity: slower-growing Bradyrhizobium 
being more tolerant, surviving pH 4.5 or below. Rhizobium leguminosarum and Rhizobium 
japonicum reach their limit of tolerance between pH 4.5 and 4.9, Rhizobium phaseoli at pH 
5.0, and Rhizobium me/i/oti at pH 5.5 (Beck & Vangnai, 1986). Leguminous species also 
generate significant acidity within their rhizospheres: under conditions of active nitrogen 
fixation, plant uptake of N03• is reduced (or completely eliminated), while uptake of other 
nutrient ions continues as normal, potentially leading to a net accumulation of positive 
charge within roots. To maintain the charge balance across cell membranes, protons are 
exported from the root, causing acidification and potentially leading to increased 
availability of aluminium, manganese and a host of trace elements (Section 2.2.4.). 
Bromfield et al. ( 1983) sampled granitic soils from beneath pastures of subterranean clover 
(Trifolium subterraneum) and demonstrated that extractable manganese levels increased 
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over time (Table 2.33.). Increases in aluminium availability are known to reduce the 
survival of Rhizobium phaseo/i and R. me/iloti (Chao & Alexander, 1982). 
Pasture age (years) 
0 
25-30 
30-35 
35-40 
50-55 
Extractable Mn (~g g"1) 
4.6 
22.7 
33.3 
37.3 
46.1 
Table 2.33. 0.01 M CaCI2 extractable Mn levels in granitic soils beneath legume pastures 
(Bromfield et al., 1983). 
2.4.2.7. LEGUMES AND HEAVY METALS 
In a series of experiments, Gill er, McGrath & Hirsch (I 989) demonstrated that although 
rhizobia are able to survive and nodulate white clover (Trifolium repens) in substrates 
contaminated with non-phytotoxic levels of cadmium, copper, zinc, nickel and lead, these 
nodules were unable to fix nitrogen. 
El-Kherbawy et al. (1989) attempted to grow alfalfa (Medicago sativa) on soil collected 
near a zinc smelter in Pennsylvania, contaminated with high levels of Zn, Cu and Cd. They 
discovered that at pH 4.3, alfalfa would not grow at all, and while raising pH with 
additions of elemental Sand Ca(OH)z (to values of 6.0 and 7.2) improved plant growth, the 
greatest improvement occurred only when plants were eo-inoculated with mycorrhizal 
fungi. 
Heggo, Angle & Chaney (1990) grew soybean (Glycine max) in a variety of soils from the 
same area, inoculated with AMF and I or rhizobia isolated from an uncontaminated soil. 
The overall effects on plant growth were similar to the trials with alfalfa (greatest growth 
improvements followed eo-inoculation with rhizobia and mycorrhizal fungi), but the data 
also indicated that local rhizobia\ populations varied considerably in their ability to fix 
nitrogen under heavy metal stress, since ethene production from similar soils varied by 
factors often (Table 2.34.). 
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pH Zn Cd Cu N-fixation activity 
(nmol C2H4 h-1 planf1) 
6.7 707 10.5 3.01 3260 
5.5 267 4.91 6.96 73.3 
7.5 132 2.10 0.91 169 
6.4 862 8.71 4.43 61.9 
6.1 198 4.52 5.35 845 
5.0 128 8.70 9.72 84.0 
6.8 420 7.95 2.81 245 
6.6 1410 54.1 14.7 13.8 
Table 2.34. pH, DTPA extractable metals (~-tg g 1) and nitrogenase activity in soybean nodules 
grown on various contaminated soils (LSD (0.05) 157) (Heggo, Angle & Chaney 1990). 
2.4.2.8. SURVIVAL OF RHIZOBIUM AT ELEVATED SOIL TEMPERATURES 
Marshall ( 1964) conducted a number of experiments to examine correlations between 
survival of rhizobia and soil texture at elevated temperatures. The rhizobia! inoculum level 
of various Australian soils was tested before they were dried at 30°C. The soils were then 
heated either to 50 or 70°C for five hours, and the inoculum level again determined. 
Particle size distribution (%) Heat treatment after drying at 30°C 
Soil No. Sand Silt Clay None 50°C 70°C 
1 94 3 2 13800 4900 <10 
2 96 1 3 5100 400 <10 
3 95 1 2 4500 300 12 
4 97 1 2 15000 4300 <10 
5 92 3 5 199500 204200 5800 
6 90 1 7 91200 26300 200 
7 83 10 6 93300 37200 5500 
8 75 9 14 91200 19500 10200 
Table 2.35. Quantity (cells g·1 soil) of viable Rhizobium /eguminosarum after various heat 
treatments in nine Australian soils. Initial inoculum: 14125400 (Marshal!, 1964). 
Survival of rhizobium was significantly lower in sandy soils, compared with those that 
contained more than ~10% silt and clay (Table 2.35.). Bacterial mortality, simply through 
air-drying, was high (>98%), but lower in less sandy soils. This pattern continued 
following heat treatment, with populations more significantly reduced in sandy soils. This 
was confirmed in subsequent experiments examining the effects of heat treatment upon 
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rhizobia! survival in a range of sandy media to which montmorillonite clay had been 
added. However, these data are contradicted by Chao & Alexander (1982), who 
demonstrated a negative correlation between soil clay content and survival of Rhizobia 
meliloti. 
2.4.2.9. SELECTING LEGUMES FOR REHABILITATION 
The importance of nitrogen for the rehabilitation of degraded lands has been widely 
acknowledged (Jefferies, Willson & Bradshaw, 1981; Bradshaw, 1999), and plant 
establishment on sandy wastes in temperate zones often relies upon leguminous pioneers 
(Dancer, Handley & Bradshaw, 1977). On acid soils in the tropics, leguminous species are 
often viewed as a low input alternative for the establishment of semi-closed nutrient cycles 
(Powell, 1995). Unfortunately, many commercial species are not adapted to infertile, acid 
soils, and while timing may overcome immediate difficulties, it tends only to ameliorate 
surface soils (Powell, 1995). Liming is also uneconomic for afforestation of such soils 
(Kass, 1995). Various programmes have been initiated to screen legume gerrnplasm for 
more acid tolerant and productive selections (Table 2.36.), with Kanmegne et al. (2000) 
screening 18 species for use in an agroforestry system, where plants are regularly pruned to 
provide fodder or mulch. 
Species 
Acacia auriculiformis 
Acacia mangium 
Calliandra calothyrsus 
Casuarina junghuhniana 
Erythrina fusca 
Flemingia macrophyl/a 
Gliricidia sepium 
Leucaena leucocepha/a x L. diversifolia hybrids 
Paraserianthes fa/cataria 
pH Aluminium saturation (%) 
3.8 73 
3.8 73 
4.7 79 
4.3 80 
4.6 80 
4.2 92 
3.3 89 
4.2 70 
Table 2.36. Nitrogen fixing tree species together with the pH and aluminium saturation of 
soils in which they have been established (Postgate, 1998). 
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Kanmegne et al. (2000) determined that lnga edulis, Jndigofera zol/ingeriana, Pterocarpus 
santalinoides, Grewia mol/is and Xylia xylocarpa performed better in acid, aluminium-
saturated soils than species more commonly used for rehabilitation, including Acacia 
mangium and Acacia auriculiformis. The beneficial effects of leguminous species are 
demonstrated by data from a five year trial of forage species grown on a Nigerian ultisol. 
Stylosanthes gracilis and Pueraria phaseoloides improved cation exchange capacity, 
organic carbon and calcium contents of the soils in which they were grown, compared with 
bare soil or grass crops (Table 2.37.). Reductions in available aluminium occurred under 
all species, although the most significant reduction was beneath Stylosanthes. This was not 
accompanied by changes in pH, which remained similar beneath all crops at pH 4.4 (Obi, 
1999). 
Cover crop CEC Ca Mg K AI p Organic carbon 
(cmolc kg"1) (%) 
Bare soil 5.50 2.43 0.35 0.10 2.30 18.3 0.67 
Cynodon plectostachyon 5.85 2.80 0.43 0.14 1.75 14.3 0.84 
Panicum maximum 5.87 2.25 0.60 0.15 1.80 15.0 0.79 
Pennisetum polystachion 5.45 2.33 0.53 0.12 1.35 14.8 0.78 
Stylosanthes gracilis 6.43 2.93 0.85 0.11 1.30 15.3 1.06 
Pueraria phaseoloides 6.39 3.10 0.43 0.13 1.80 14.8 0.92 
Table 2.37. Chemical properties of a Nigerian ultisol after five years under various cover 
crops (Obi, 1999). 
2.4.2.10. PLANT ASSOCIATIONS WITH BOTH LEGUMES AND MYCORRHIZAE 
Successful nitrogen fixation requires improved phosphorus nutrition of the host plant when 
compared with non-symbiotic specimens, and this has proven a major constraint in 
establishing these species on soils with high phosphorus-sorption capacities (Powell, 
1995). Plantations of leguminous Paraserianches fa/cataria produce litter with three times 
the P content of Eucalyptus sa ligna of the same age, grown on the same soil. Harvesting 
leguminous biomass for forage or timber could therefore rapidly deplete soil reserves of 
phosphorus (Binkley & Giardina, 1997). 
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inoculation of nitrogen fixing plants with appropriate AMF could enable them to better 
exploit available soil phosphate reserves, and provide an excellent combination for legume 
establishment on tropical soils. indeed, many 'multi-purpose' tree species are known to 
form associations with more than one group of micro-organism. Casuarina equisetifolia 
associates with Frankia, AMF and ectomycorrhizal fungi. Paraserianthes fa/cataria and 
Leucaena leucocepha/a associate with Rhizobia and AMF, as do Acacia mangium and 
Acacia auricu/iformis (Binkley & Giardina, 1997). 
However, in low phosphate sandy soils, mere inoculation may be insufficient to increase 
plant growth. Jasper, Ab bott & Robson ( 1989) experimented with combinations of 
phosphorus fertilization and AMF inoculation on the growth of leguminous Acacia 
concurrens in infertile Australian sand tailings, and noted that while additions of mineral 
phosphate improved plant growth, a greater effect was observed when fertilizer was 
combined with AMF inoculation (Figure 2. I 7.). 
0.16 
c 
"' a. 0.14 
0 
~ 0.12 ~--------------------~ 
!! 
0 0.10 
0 
.r= 
0.08 Cl) 
0 0.06 
,;:: 0.04 Cl 
--0-- Control 
---~-- · Glomus sp. 
Cl) 
~ 0.02 
~ 0.00 
0 0 5 10 15 20 
Phosphorus applied (mg Pll<g soil) 
Figure 2.17. Dry weight of Acacia concurrens shoots grown under various phosphorus 
regimes (applied as KH2P04) with or without mycorrhizal inoculation (Glomus spp.) on sand 
tailings from North Stradbroke Island, Queensland (Jasper, Abbott & Robson, 1989). 
Medina, Kretschmer Jr & Sylvia (1990) examined the effects of inoculation with two AMF 
species on the growth of Macropti/ium atropurpureum and Aeschynomene americana 
under various phosphorus regimes. Mycorrhizal plants were always larger than non-
mycorrhizal, although the inoculation response diminished as phosphate inputs increased. 
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2.4.2.11. LEGUMES ON SANDY TA lUNGS 
The overall benefits of leguminous associations are unclear. Leaf material from 
leguminous species is rapidly mineralized, but the resulting flush of mineral nitrogen may 
not be fully utilized by the growing crop. Giller & Cadisch (1995) calculated that up to 
300kg ha- 1 of fixed nitrogen was lost following mineralization of leguminous plant 
residues, as it was leached from the soil before crop uptake. They suggested that use of 
poor quality legume materials (such as lentil straw), or even non-leguminous materials 
would result in more efficient nitrogen conservation. Indeed, Kanmegne et al. (2000) 
discovered that two non-leguminous species out-performed many legumes in terms of 
biomass production on acid soils. However, leguminous residues are undoubtedly 
important in the reduction of aluminium toxicity (Section 2.3.2.3.) and they have a key role 
in accumulating nitrogen capital on temperate sandy mine wastes, allowing immigration of 
non-leguminous species (Dancer, Handley & Bradshaw, 1977). Selection of material for 
specific use on tropical mine sites is a recent innovation (Naidu & Harwood, 1997; Waters, 
Loch & Johnston, 1997) and to date, most screening programmes have instead focussed on 
improving fertility of agricultural soils (Barber & Navarro, 1994; Gachene, Palm, & 
Mureithi, 1999). Trials of leguminous cover crops on sandy tailings are not recorded, 
although Pueraria phaseoloides is widely used as ground cover in Malaysian rubber and 
oil palm plantations (Giller & Cadisch, 1999). Palaniappan (1974) records the presence of 
both Pueraria phaseo/oides and Desmodium triflorum on sandy tailings, indicating that 
they may have potential in rehabilitation of this substrate. In contrast, the use of 
leguminous tree species such as Acacia mangium and Acacia auricu/iformis is widespread 
not only for rehabilitation of sandy tailings (Ang & Ang, 1997), but in plantations on other 
(natural) soils throughout Malaysia (Appanah & Weinland, 1993). Experiments with 
associative symbioses have also been performed, with Azospiril/um brasilense successfully 
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used as a substitute for inorganic-N fertilizer in trials of sweet potato (Ipomoea batatas) 
grown on sandy tailings (Saad et al., 1999). 
The sterile nature of sandy tailings provides an unusual opportunity to experiment with soil 
microbiology on a field scale. Although there are established protocols for the 
establishment of tree crops on sandy tailings, none of them takes full advantage of the 
possibilities of harnessing both mycorrhizal nutrient acquisition and biological nitrogen 
fixation. Undoubtedly, the application of such a method would initially encounter 
complications, since sandy tailings are unlikely to possess sufficient inherent fertility for 
the establishment of leguminous species without small fertilizer inputs - even when eo-
inoculated with mycorrhizal fungi. A fine balance between mineral fertilization, fungal and 
bacterial inoculation would be necessary to make sustainable use of applied and inherent 
fertility. Certainly, nutrient cycling in new ecosystems established on sandy tailings could 
not hope to be successful until the substrate became microbiologically active. 
2.5. NATURAL SYSTEMS AS MODELS FOR REHABILITATION OF SANDY TAILINGS 
2.5.1. AFFORESTATION OF SANDY TAILINGS 
The first legislation to limit the destructive effects of tin mining was enacted in 1895 (HSS 
Integrated, 1994). However, this and subsequent legislation was concerned primarily with 
the reduction of sediment disposal in water courses during mining, rather than 
rehabilitation of the mined land. Birkinshaw ( 1931) published the first account of attempts 
to rehabilitate mined land for agriculture, and interest in tin tailings fluctuated until the 
latter half of the twentieth century. At this point, it became clear that Malaysia's natural 
forest resources could not be exploited at a sufficient sustainable rate to meet domestic 
demands for timber. Attention was turned to degraded lowland areas as potential sites for 
establishment of timber plantations. 
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Mitchell ( 1957) described forestry attempts on sandy and slime tailings, using exotic and 
native species, including: Acacia auriculiformis, Eucalyptus deglupta, Fagraea fragrans, 
Pinus merkusii, Pinus caribaea and Casuarina equisetifolia. He noted that the response of 
native species to the sandy substrate was poor: 
"It might be expected in a country such as Malaya, where the natural vegetation is largely 
tropical rain forest, there should be a dearth of indigenous vegetation capable of colonizing 
such a radically foreign habitat as bare, hot, dry and infertile sand tailings." 
This was borne out by research performed in the 1990's, where trials focussed on fast-
growing (often exotic, leguminous) plantation species, rather than timber species from the 
native primary forests. These examined: Acacia auriculiformis, Acacia mangium and 
Leucaena diversifolia (Kamis, 1994); Ceiba pentandra (Paudya1 & Nik Muhamad, 1995); 
Acacia aulocarpa, Pin us caribaea, Pin us elliotii (Amir et al., 1994 ); Pin us insularis, Pin us 
merkusii, and Eucalyptus umbra (Ang & Ang, 1997). 
2.5.2. THE COMPENSATORY FOREST PLANTATION PROJECT 
The need to substitute timber from natural forests with that from plantations led to the 
establishment of the Compensatory Forest Plantation Project (CFPP) in 1983, which aimed 
to re-afforest 200,000ha of land in four Peninsular Malaysian states by 2000. Only three 
species were shortlisted for the CFPP by the Department of Forestry: Acacia mangium, 
Paraserianthesfalcataria and Gme/ina arborea, none of which are native. The adaptability 
of A mangium to varying degrees of site degradation meant that it was expected to cover 
more than 80% of the planted area (HSS Integrated, 1994). 
2.5.2.1. ACACIA MANGFUM ON SANDY TAILINGS 
Ang, Chan & Darns (1993) gave a detailed account of establishment of A. mangium (and 
A. auriculiformis) on sandy tailings. Their technique involved amelioration of planting 
sites with a conditioning mix containing organic matter (rice husks and peat fibre) and 
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lime. Further applications of this conditioning mix were to be made at six monthly 
intervals until canopy closure, although no indication was given as to whether or when this 
occurred. Both species survived when planted in sand up to 3m above the standing water 
table, although A. mangium exhibited greater percentage survival (100% against 87%). At 
!m above the standing water table, this improved to 100% A. mangium against 94% A. 
auriculiformis. Later data concerning these same plantings is confused, but appears to 
quote survival rates of A. mangium on the same site as only 0.2% (Ang & Ang, 1997). 
Despite limited data on the performance of Acacia mangium on sandy tailings, it has been 
recommended as suitable for afforestation of large areas of this substrate in the Kinta 
Valley, and detailed proposals for nursery and husbandry of the species have been 
compiled (HSS Integrated, 1994). 
2.5.2.2. PROBLEMS WITH ACACIA MANGIUM 
A. mangium was introduced to Sabah (Borneo) in 1966, from stock obtained in Queensland 
(Australia), where it is a pioneer species, occupying open areas created by tree falls, 
landslides and other natural erosive events. Although fast-growing, the plantations in 
Sabah have not been without problems, the most significant being fungal rot of the 
heartwood caused by Phellinus noxius (Arentz et al., 1995). Reducing the plantation cycle 
to five years prevents the risk of this, but such young plants are only suitable for pulping 
and paper manufacture. Unfortunately, there is no paper mill in Peninsular Malaysia, as 
plans for one were shelved in the 1970's due to the high capital investment required 
(RM500 million), and it seems unlikely that such a mill will be established in the near 
future (HSS Integrated, 1994). Since their end market is not to be for pulpwood, it has been 
proposed that the rotation cycle for A. mangium on sandy tailings be increased to fifteen 
years (HSS Integrated, 1994). This completely overlooks the potential of heart rot in older 
specimens, the unsatisfactory miture of timber from A. mangium plantations when grown 
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on more favourable lowland soils (Appanah & Weinland, 1993) and the lack of stands of 
this age on sandy tailings for appropriate study. Growth of Acacia mangium has proven 
something of a debacle in Malaysia (Appanah & Weinland, 1993), and to continue 
recommending it as a commercial timber species on sandy tailings would appear short-
sighted, given the lack of data on its long term performance and suitability. 
2.5.2.3. NUTRIENT BUDGETS IN TIMBER PLANTATIONS 
A further consideration that has been overlooked is the question of nutrient export from 
soils following timber harvesting. Sandy tailings contain very low reserves of most macro 
and micronutrients, and harvesting from fast growing plantations is known to remove 
considerable quantities of both. Zech & Drechsel (1998) highlight nutrient export in 
various plantation systems. Supplies of phosphorus, calcium, potassium and magnesium 
are rapidly exhausted by felling and timber removal, the process becoming exaggerated 
with every additional rotation cycle (Table 2.38.). 
Total K stores at the beginning of cycle 1 
K loss due to harvesting at the end of cycle 1 
K loss due to mineralization, leaching and erosion during harvest 1 
Total K stores at the beginning of cycle 2 
K loss due to harvesting at the end of cycle 2 
K loss due to mineralization, leaching and erosion during harvest 2 
Total K stores at the beginning of cycle 3 
1013 (100%) 
231 (23%) 
114(11%) 
668 (66%) 
231 (23%) 
114 (11%) 
323 (32%) 
Table 2.38. Decreases in potassium stores (kg ha"1) in Eucalyptus deg/upta plantations at 
various stages in the crop rotation sequence (Zech & Drechsel, 1998). 
Nutrients are lost at various times: removal in biomass through harvesting; mineralization, 
leaching and erosion losses due to insensitive harvesting; and continual leaching from 
established plantations, due to inefficient nutrient cycling in such systems. The data given 
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in Table 2.38. are for a natural kaolisol, with higher water and nutrient-retention capacity 
than sandy tailings. Losses from sandy tailings could be much more severe, although there 
are at present no data to support this possibility. Bruijnzeel (1992) suggested that nutrient 
losses from whole tree harvesting would require fertilizer inputs on even the most naturally 
fertile substrates. If timber plantations on sandy tailings require regular nutrient inputs to 
sustain commercial growth, then their economic viability must be seriously questioned. 
The same techniques could be used instead to establish fruit trees, which generate income 
with each seasonal crop. HSS Integrated (1994) tacitly acknowledged these concerns by 
proposing that commercial (A. mangium) forests be confined to the less intractable tailings, 
with 8750ha of sandy tailings set aside for conservation forestry. Such an allocation for 
non-commercial forestry provides an ideal opportunity for experimentation with native 
species in a more imaginative fashion than has heretofore been possible. 
2.5.3. SUCCESSIONAL PROCESSES lN TROPICAL FORESTS 
2.5.3. I. SUCCESSION AS MODELS FOR TROPICAL FOREST REHABILITATION 
Clearance (either natural or anthropogenic) in tropical forest usually provides opportunities 
for establishment of a range of plant species which are excluded from the primary 
formation. Changes in the microclimate - such as increased illuminance, soil and air 
temperatures and reduced humidity- all mitigate against primary forest species, which are 
adapted to lower light levels, reduced temperatures and higher humidity. Their place is 
taken in these disturbed areas by the secondary flora, which emerges from dormancy 
within the soil seed bank to dominate clearings, until their volume is such that 
environmental conditions once more favour the primary flora (Richards, I 996). This 
process of natural succession has been documented for abandoned farmland (Wyatt-Smith, 
I 955), areas devastated by volcanic activity (Whittaker & Jones, I 994) and some tin mine 
sites (Reid, I 956). Through these natural processes, degraded land may eventually support 
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forests that are similar to the original vegetation. Unfortunately, succession takes time -
the length depending upon the level of disturbance. Reversion of an abandoned pepper 
plantation in Kalimantan (Borneo) was significantly advanced after 35 years, but the 
species complement was still dominated by fast·growing secondary species. It was 
estimated that a further 400 or more years would be necessary for the secondary forest to 
revert to a primary state, if disturbance or other interference were kept to a minimum 
(Kartawinata, 1994). If disturbance is more or less continuous, then the successional 
process can be completely deflected, and grass species such as lmperata cylindrica and 
bamboos dominate to such an extent that no further succession occurs (Wong, unpubl.). 
However, if site disturbance can be minimized or eliminated, then these natural processes 
form a valuable template for the artificial rehabilitation of degraded sites. 
Since 1995, the government of the Philippines has adopted an 'Assisted Natural 
Regeneration' programme to reforest critical watersheds, taking full advantage of the site-
tolerance and rapid growth exhibited by many secondary forest species (Chokkalingam, 
Bhat & von Gemrningen, 200 I). Unfortunately, many of these remain ecological enigmas, 
since historically they have been regarded as more of a hindrance than an aid to forest 
recovery (Kartawinata, 1994). Indeed, the need to clothe degraded lands with secondary 
forests, rather than monoculture plantations of exotics is increasingly appreciated, and 
Chokkalingam, Bhat & von Gemmingen (2001) give a number of examples where 
secondary forests may be of more value than plantations, including: restoration (or at least, 
enhancement) of biodiversity, watershed functions and soil stabilization within protected 
areas; where conservation (rather than production) is the priority; and for reforestation 
where funding is a constraint, and biophysical factors reduce the commercial viability of a 
site. 
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2.5.3.2. SUCCESSION ON SANDY TAILINGS 
Do natural successional processes lead to reforestation of sandy tin tailings? Would it be 
possible to enhance natural succession to increase diversity or reduce the time taken for 
forest establishment? Reid (1956) gives a qualitative account of successional processes on 
slimes and mixed tailings in the Kuala Lumpur area. Plant colonization is initially 
restricted to ponds and other areas of open water. Sedges such as Fimbristylis miliacea and 
Cyperus digitatus occupy the water I sand interface, eventually giving way to the common 
reed, Phragmites communis. However, in dry areas, vegetation is extremely sparse, and 
may comprise only one or two species. Reid noted seashore centipede grass (Ischaemum 
muticum) (Plate 2.4.), the sensitive plant (Mimosa pudica) and the sedge Fimbristylis 
spathacea. After sixteen years, sandy tailings were stilJ largely devoid of vegetation. 
Plate 2.4. Centipede grass (/schaemum muticum) on sandy tailings at Dengkil, Selangor. 
Mitchell (1959) also noted limited vegetation on sandy tailings nineteen years after their 
deposition: J. muticum was again the most common species, but covered less than fifty 
percent of the site. The restriction of colonizing species to depressions or areas near open 
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water was common, and reiterated by Palaniappan ( 1972), indicating that water may be the 
most significant detenninant in colonization. Palaniappan ( 1974) performed quantitative 
analyses of the plant communities colonizing various mined areas near Kuala Lumpur 
identifying 21 species from 25 samples of communities established on sandy tailings. 
Borreria setidens and Tricholaena rosea were the most frequent, followed by lschaemum 
muticum, Borreria /aevicaulis and Fimbristy/is pauciflora. Although this allowed the 
construction of a successional chronosequence covering 30 years, the time-scale for re-
establishment of a closed forest community on sand tailings could not be predicted. 
Since Palaniappan (1974), there has been no significant attempt to examine floral 
success ions on sandy tailings. This may be due to the destruction of his original study sites 
beneath Kuala Lumpur, or the growing reliance of foresters on imported 'miracle trees' -
used to the almost total exclusion of indigenous species. However, sandy tailings still 
cover large areas of the Kinta Valley, and vegetation surveys of this district may provide 
useful data on longer term natural successions on sandy tailings, although many sites are 
subject to intermittent illegal farming - destroying natural plant assemblages (HSS 
Integrated, 1994). Several exotic pasture species, which were not present in the Malaysian 
flora at the time of Palaniappan's work (including Pennisetum polystachyion and P. 
purpureum) are now common as escapes on waste ground, and could have significant 
impacts upon successions there ('t Mannetje & Jones, 1992). 
Although there is no evidence of natural forest development on Malaysian sandy tailings, 
afforestation of similar substrates has occurred elsewhere. Laurence (1987) in Australia 
and Piha et al. (1995) in Zimbabwe both examined the possibility of low-input 
establishment of vegetation on tin mine wastes, with Laurence focussing on native Acacia 
species which had already begun to colonize the sandy substrate. The spontaneous 
regeneration of Acacia filicifolia and A. nerrifolia highlights an important difference 
between mined land in Australia and Malaysia. In Australia, the pre-rnining soils are 
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highly-leached, semi-arid and support plant species adapted to these marginal conditions. 
Such species are suited to the similar conditions of post-mining soils. In Malaysia the 
situation is very different: unmined areas support lowland mixed dipterocarp or peat 
swamp forests, the edaphic conditions of which are radically different to post-mining 
topsoils. Thus, pioneer species within the soil seed bank of forest remnants are unlikely to 
be suited to sandy tailings. Instead, only the most general of generalis! species are able to 
establish on sandy tailings, recruited from other degraded areas. The progress of species 
immigration is therefore likely to be very slow, and highly dependent upon plant dispersal. 
Parrotta & Knowles (200 I) determined that only 37 of a total of 231 species found on an 
Amazonian bauxite mine were wind-dispersed, and concluded that animal distribution was 
much more important for ecosystem development. Frugivorous (fruit eating) birds and bats 
are known to have played a significant role in rebuilding forest communities on Krakatau 
following the sterilization of the islands in 1883 (Whittaker & Jones, 1994), but Holl 
( 1999) noted that many tropical bird and animal species were disinclined to venture into 
open areas - presumably for fear of predation. This generates a cyclical problem for 
regeneration on sandy tailings. Unless refuges are present on a site, animals are unlikely to 
venture onto it and act as vectors for seed, which in turn reduces the chances for 
development of the necessary refuges (Wunderle, Jr., 1997). However, the first pioneers on 
tin mine sites are aquatic and marginal species - their seed presumably recruited from 
adjacent water courses. These could provide sufficient cover for Anatidae (Ducks) or 
Rallidae (Rails, Crakes & Coots) such as the purple swamphen Porphyria porphyria (often 
observed as a visitor to mine ponds at Dengkil), which might forage in adjacent forests, 
returning the seed of other species to the mine site. 
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2.5.4. NATURALLY SANDY SOILS 
The long timescale of community development on sandy tailings may be due to the 
significant edaphic differences between sandy tailings and the natural soils which often 
surround them. However, there are soils in Peninsular Malaysia that are both naturally 
sandy and support diverse natural forests. These areas could provide models for the long 
term sustainable afforestation of sandy tailings- not at a commercial level, but certainly as 
a more sensitive solution than high-input exotic plantations (Ewe!, 1999). 
2.5.4.1. BRIS SOILS AND HEATH fORESTS AS ANALOGUES FOR SANDY TAILINGS 
Ang & Yusof (1989) and Amir et al. (1994), give details of plantation trials on sandy 
tailings and sandy soils known as BRIS (Beach Ridges Interspersed with Swales). These 
cover an area of some 162,000ha in Peninsular Malaysia, in a narrow band along much of 
the east coast, predominantly in the state of Terengannu (68,000ha). A much smaller area 
of similar soils is also found near the western seaboard in Perak (Amir et al., 1994). Their 
formation is the result of monsoonal activity, which has thrown up large quantities of 
marine sand to form a series of dune ridges running parallel to the shore (Mitchell, 1963). 
Although the current near-shore dune system is prone to movement, the sandy soils 
continue inland for more than a kilometre, protected from the sea by a complex pattern of 
lagoons and mangrove forests. The pedogenesis of these inland soils is poorly defined, but 
is possibly related to Pleistocene reductions in sea level (stranding the original dune 
formations), coupled with the protective effect of mangrove swamps and littoral vegetation 
(pushing the coastline seawards), and deposition of fine alluvial silts during seasonal 
flooding (Panton, 1958). 
The nomenclature of these soils is also poorly defined. Soils formed on dune ridges are 
excessively drained white to light grey sands, often with a dark brown to black humic 'iron 
pan' within one or two metres of the soil surface, which may produce a perched water 
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table, or impede root penetration into the subsoil. In Jambu soils, this iron pan is found at a 
depth of approximately one metre, but in Rudua soils it may occur at depths of two or more 
metres (Panton, 1958 and Weng, 1968). The depressions between dunes may either be 
permanently or seasonally waterlogged, with seasonal inundation depositing fine silt 
particles, giving rise to Rusila soils. In sufficiently large depressions, conditions may be 
suitable for the formation of peat swamps (Panton, 1958; Amir et al., 1994). 
Several small areas of Rudua soils remain under natural forest cover, the largest of these 
(116 hectares) being located between Dungun and Kuala Terengganu, in what is now the 
Jambu Bongkok Virgin Jungle Reserve (Putz, 1978). Wyatt-Smith (1963) describes the 
soils in these reserves as "similar to a podzol", consisting of a one or two inch layer of 
dried leaves, beneath which fine roots suffuse a layer of black humus, which in turn covers 
the mineral soil. This supports a number of commercial timber species (Shorea materia/is, 
Hopea griffithii, Mesuaferrea, Madhuca uti/is, Palaquium rostratum and Shorea collina), 
in a heath forest formation which seems to regenerate well after logging (Plate 2.5.). 
Plate 2.5. Within the Jambu Bongok Virgin Jungle Reserve. The larger trees are Shorea 
materia/is, with a diameter approaching 0.45m. 
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Despite profuse regeneration, the inherent infertility of the underlying soil supports such 
slow rates of growth that a sustainable cropping cycle of 70 years or more was proposed by 
Mitchell (1963). Wherever canopy cover is removed and the organic layer exposed, it 
rapidly degrades to reveal the sandy soil beneath. Once areas have been cleared and 
cultivated, these soils degrade rapidly, leaving scrubby, fire-dominated padang vegetation, 
which supports very few commercial species other than coconut (Cocos nucifera) and 
cashew nut (Anacardium occidentale) (Panton, 1958) (Plate 2.6.). 
Plate 2.6. Padang vegetation outside the Jambu Bongkok Virgin Jungle Reserve, dominated 
by small specimens of fire-tolerant Melaleuca leucadendra. 
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Attempts to establish timber plantations on padang have met with varying degrees of 
success (Ang & Yusof, 1989 and Arnir et al., I 994), and almost entirely focus on one 
species: Acacia mangium. Although the remaining forest patches are recognized as 
nationally important (hence their gazetting as jungle reserves), there have been no detailed 
floristic studies, and no attempts to determine whether the range of such forests could be 
enhanced in situ by manipulation of padang, or whether they could be established ex situ 
on sandy anthropic soils. They certainly bear some physicochemical similarities (Table 
2.39.). The apparently greater nutrient content of the natural soil may be due to the high 
organic content of surface horizons in this Series, masking their underlying infertility 
(Panton, 1958). 
Sandy tailings Rudua Series 
Sand(%) 91 97 
Silt(%) 4 3 
Clay(%) 5 0 
pH H20 4.6 4.4 
C(%) 0.14 3.44 
N(%) 0.01 0.26 
Available P (1'9 g"1) 1.70 7.0 
Exchangeable Cations 
(cmolc kg.1) 
Ca 0.02 0.15 
Mg 0.01 0.10 
K 0.06 0.03 
CEC (cmolc kg"1) 0.39 0.90 
Reference Wan Abdullah, Ghulam Amir et al., 1994 
& Othman, 1992 
Table 2.39. Some physical and chemical characteristics of sandy tailings and Rudua soil. 
Forests on Jambu soils provide one of very few potential natural edaphic analogues to 
sandy tailings, but data on their regeneration is limited to studies of a few exotic species. 
These soils are acidic, but lack of clay would indicate that this acidity is unlikely to result 
in elevated levels of available aluminium. Thus, although tolerant of infertile, acid soils, it 
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is unknown whether heath species would be equally tolerant of infertile, acid soils with 
aluminium and trace element toxicities. At present, it is only possible to state that heath 
soils bear superficial similarities to sandy tailings - whether they share similar macro and 
micronutrient, toxic element and physical characteristics is unknown, but the tempting 
possibility that endangered heath forest communities could be established on areas of 
anthropic sandy tailings warrants further investigation. 
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MATERIALS AND METHODS 
3.1. INTRODUCTION 
Nutrient and physical constraints on plant colonization and rehabilitation of sandy tailings 
are well documented. However, trace element contamination of the substrate and its impact 
upon commercial cropping was not considered until Ang & Ang ( 1997) published data on 
heavy metals in sandy tailings at the FRIM research station, Bidor (Perak) (Table 3.1.). 
Element Sandy tailings Global soils 
Arsenic 0.02-4.48 0.1-20 
Cadmium 0.02-0.36 0.01-3 
Copper 3.36-9.47 1-80 
Chromium 0.09-4.66 2-100 
Mercury 0.03-0.07 0.01 -1 
Nickel 0.29-8.78 2-50 
Zinc 2.85-55.0 3-300 
Table 3.1 The range of trace element concentrations (11g g"1) in sandy tailings at the FRIM 
research site, Bldor (Ang & Ang, 1997) and averages for global soils (Markert, 1996). 
Concentrations were within published background levels (Markert, 1996), and lower than 
critical concentrations given by Alloway (1995). However Ang, Ang & Ng (1998) 
subsequently analyzed fi-uit grown in the same area. This revealed levels of lead, mercury 
and zinc in three species greater than permissible limits (Table 3.2.). 
Element 
Lead 
Mercury 
Zinc 
Mango 
1.85 
0.60 
7.89 
Papaya 
2.79 
0.17 
6.74 
Guava 
6.46 
0.06 
10.66 
Permissible limit 
0.5 
0.05 
5 
Table 3.2. Levels of heavy metals (11g g"1) in three fruits grown in tin tailings at Bidor, and the 
limits set by the Malaysian government (Ang, Ang & Ng, 1998). 
The data for mercury and lead are surprising. Mercury minerals are not recorded from 
cassiterite deposits (Table 2.4.), while lead is normally concentrated in plant roots, and 
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very little translocated to aerial parts of the plant (Zimdahl, 1976). Only four samples of 
each crop were analyzed, and it is possible that contamination is confined to a single area 
of tailings or subsample of plants. Site contamination may also have been imported in 
materials used for rehabilitation, but this could only be confirmed by comparison with 
adjacent, non-rehabilitated tailings. Certainly, the mineral extraction process is not 
completely efficient, and heavy minerals remain in tailings (Plate 3.1.), although their 
identity and effects on plant colonization are unknown. 
Plate 3.1. Heavy mineral accumulation (dark grey areas in the erosion bed) in a gully on 
sandy tailings in Perak. Bands on the scale pole are fifteen centimetres wide. 
Given this uncertainty, a series of field surveys were undertaken to explore the occurrence, 
distribution and effects of trace elements upon plant colonization. Further surveys were 
also performed to examine the physicochemical similarities of anthropic sandy tailings and 
natural sandy soils. Finally, a range of greenhouse experiments was performed to examine 
the effects of rehabilitation practices upon plant growth and trace element uptake. 
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3.2. FIRsT FIELD VISIT TO MALAYSIA 
A preliminary field visit provided the opportunity to meet professionals workillg on tin 
mine rehabilitation, access locally-available scientific literature, and to identify and obtain 
tailings samples for physicochemical analyses. 
It was apparent that many mine sites within the Kuala Lumpur area had been subsumed 
beneath the city, and were no longer available for sampling - including all locations listed 
by Mitchell (1959) and Palaniappan (1972). Even had these remained clear of 
development, sampling would have been difficult, since mined land is used for a range of 
activities (Tan & Khoo, 1981 ), including animal grazing and illegal occupation -
potentially contaminating the substrate and complicating data interpretation. Sampling on a 
working mine would avoid these problems, but few remain in Malaysia. The 1985/86 tin 
price crisis (Burke, 1986) cemented the downward decline of the Malaysian tin mining 
industry (see Figure 2.7.), and many mines have since been abandoned. However, a 
suitable working mine was eventually identified at Dengkil, thirty kilometres south of 
Kuala Lumpur (Figure 3.2.). 
Plate 3.2. The preliminary sampling area, occupying sandy tailings immediately behind the 
working dredge at Dengkil. 
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Dredging was performed here until 2002, and an area of recently created sandy tailings 
was set aside for data and sample collection (Plate 3.2.). Within this, a half hectare plot 
was demarcated and subdivided into ten metre square subplots (Figure 3.1.). 
1 •. 2 3 .. 4 5 6 7 8 9 10 
11 12 J3 14 15 16 17 18 19 20 
.. 
. . 
21 22 23 24 25 26 27 28. 29 30 
.. 
·' 
. 31 . 32 33 34 35 36 . 37 .. 38 39 40 
. 
41 42 43 . 44 45 46 47 48 49 50 
Figure 3.1. Tailings sampling grid and subplot numbers. 
Temperatures of the tailings at 0-5cm depth were recorded at the centre of the plot 
(002° .51' .861 "N l 0 l 0 .39' .248"E) on five separate days, under various meteorological 
conditions, using a hand held electronic thermometer (Cyberscan 20, Eutech Cybernetics, 
Singapore). 
For trace element analysis, surface (O-l5cm) samples were collected with an Edelman 
auger (Eijkelkamp, Van Wait Ltd, Surrey) from alternate subplots (shaded in Figure 3.1.). 
Within these subplots, five individual samples were collected from within a one metre 
square, homogenized and subsampled into a soil sample bag for transport to the laboratory. 
It had been hoped to obtain profile samples by digging soil pits in selected subplots. 
Unfortunately, the friable nature of the material rendered this hazardous, and the auger was 
instead used to obtain samples at successive I 5cm depths (to the water table) within 
subplots 19 and 41. Three replicate samples were obtained from within a one metre square 
area for each depth in each subplot, homogenized and subsampled into soil sample bags. 
The whole process was then repeated to obtain material for determination of gravimetric 
water contents and particle size distributions. 
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3.3. SECOND FIELD VISIT TO MALAYSIA 
3.3.1. TRACE ELEMENTS AND PLANT COLONIZATION OF SANDY TAILINGS 
The second field visit was undertaken after analysis of the preliminary samples and 
establishment of laboratory protocols. It afforded the opportunity to expand upon this 
initial work, collecting samples of tailings from a number of different mines (Table 3.3.), 
for determination of trace element contamination and its effects on plant colonization. 
Site ID Location Type of Mine Material Collected 
A Dengkil Dredge Sandy tailings 
Sandy slimes 
Slimes 
Overburden 
B Batang Berjuntai Dredge Sandy tailings 
Slimes 
c Kampar Gravel Pump Sandy tailings 
D Tanjong Tualang Gravel Pump Sandy tailings 
E Kampong Che Song Gravel Pump Sandy tailings 
F Teronoh Gravel Pump Sandy tailings 
Table 3.3. Tin mine sampling sites 
Since sand and clay fractions of the alluvium are separated during mining, identification of 
discreet areas of tailings at each site was straightforward. The perimeter of the chosen area 
was recorded on a hand-held GPS device (Garmin, Lenexa, USA), and an appropriate 
sampling path determined. Ideally, each sampling area would have been divided into a 
grid, and samples collected systematically across it to determine the location and extent of 
any contamination. Time and personnel constraints meant that this was not possible, and a 
semi-systematic approach was instead adopted. 
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Figure 3.2. Geographical location of tin mine sampling sites in Peninsular Malaysia. The 
locations of sites C - F are more accurately represented in Figure 3.3. 
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Gopeng 
Figure 3.3. Tailings sampling sites near lpoh. 
Where possible, a W -shaped sample path was imposed upon the sampling area, and 
samples collected at regular spots along it. At each spot, five surface samples (0-15cm) 
were collected from within a one metre square area using a trowel. These were 
homogenized and a subsample placed in a polythene bag. This process was repeated at 
intervals along the sampling path, producing thirty separate samples for each plot, 
regardless of its area. 
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Care had to be taken on many sites, since semi-wild herds of Water Buffalo contribute 
manure to the tailings - particularly near open water - providing attractive micro-sites for 
plant establishment (Plate 3.3.). Sampling of tailings was avoided in such areas. 
Plate 3.3. Buffalo dung on sandy tailings in Perak, colonized by Pennisetum polystachion. 
On mine sites in Perak, sandy tailings had often been quarried to provide material for local 
construction projects. Although areas of surface tailings were always sampled, the quarry 
faces provided an opportunity to obtain material representative of the whole cross-section 
of the tailings (Plate 3.4.) and thirty samples of loose material were taken at regular 
intervals along the entire length of each quarry face, using an horticultural trowel (15-30cm 
depth). These were stored separately in polythene bags for return to the laboratory. 
Sandy tailings cover the greatest area of all tin mine wastes, but other by-products such as 
slimes and overburden are often encountered. Given the paucity of trace element data for 
these substrates, a small number were selected for surface sampling and analysis, including 
slimes, overburden and an area of sandy slimes (Table 3.3.). 
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Plate 3.4. Quarried sandy tailings in Perak. 
The quarry face is approximately seven metres high. 
Data on trace element chemistry of these sites would not in itself demonstrate the impact of 
such elements upon plant colonization. A small number of species colonizes most areas of 
sandy tailings (Section 2.5.3.2.), but project limitations precluded examination of them all. 
Instead, a representative species was selected, occurring on a range of sandy tailings and 
other waste ground: Melastoma malabathricum is found as a pioneer on many types of 
severely disturbed and degraded soil in Malaysia (Burchill, 1936). Four areas of sandy 
tailings were selected where growth of Melastoma was reasonably abundant {Two areas on 
site B, and one each on sites D and E). Thirty individuals were chosen at random on each 
site, and approximately 500g of soil removed from the rooting zone beneath them (0-
15cm) with a trowel. If this sampling tended to indicate that the plant had established in 
buffalo manure, then another was selected. Samples were placed in separate polythene 
bags and sealed for return to the laboratory. 
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To determine whether trace elements in the sandy tailings had been absorbed and 
translocated by Melastoma, samples of leaf material (ten of the youngest fully-expanded 
leaves) were collected from each of the plants, and placed in paper bags for return to the 
laboratory. 
Given the importance of water for plant colonization of sandy tailings (Ang, See\ & 
Mullins, 1999), the water contents of soil samples from beneath Melastoma, together with 
those from the whole related site, were also determined. The range of laboratory tests is 
given in Section 3.4. 
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3.3.1.1. SITE A. D ENGKIL 
-. 
N 
I 
20m ~ "' e 002°.51 '.749"N 100°.39'.032"E r- Sampling path 
Figure 3.4. Sampling map for sandy tailings at Site A. 
Plate 3.5. Sandy tailings at Site A, recently created by dredging 
(the tailings boom of the dredge is clearly visible). 
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• 002°.51'.937''N JOJ 0 .40'.015"E ......., Sampling path 
Figure 3.5. Sampling map for overburden at Site A. 
Plate 3.6. Erosion channels in overburden at Site A 
The grass species is Pennisetum polystachion. 
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• 002°.52'.229''N 10l0 .39' .983"E 1- Sampling path 
Figure 3.6. Sampling map for sandy slimes at Site A. 
Plate 3.7. Sandy slimes at Site A. A small specimen of Acacia mangium has established 
in the foreground, while housing at nearby Kampong Dengkil is visible between 
trees at the rear. 
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Figure 3.7. Sampling map for slimes at Site A. 
Plate 3.8. Slime retention pond at Site A. The whole area has been colonized by lallang 
(lmperata cyc/indrica). Occasional specimens of Me/astoma ma/abathricum are also visible, 
as is a remnant of the original peat swamp forest at the rear. 
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3.3.1.2. SITE B. BATANG B ERJUNTAI 
N.__ 
e 004°.20' .073"N 10 I 0 .00' .443"E L- Sampling path 
Figure 3.8. Sampling map for sandy tailings at Site B (1). 
Plate 3.9. Sandy tailings at Site B (1). The area has been colonized by Fimbristy/is miliacea. 
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Figure 3.9. Sampling map for sandy tailings at Site B (2). 
Plate 3.10. Sandy tailings at Site B (2). The tailings form a bund between a slime retention 
area (right) and the mining pond (left). Melastoma malabathricum and lschaemum muticum 
occur sporadically on the drier sand, while the water margin has been densely colonized by 
Dicranopteris linearis and Melastoma. Bands on the scale pole are fifteen centimetres wide. 
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e 003°.25'. 176"N IOJ0 .23 '.268"E r Sampling path 
Figure 3.10. Sampling map for slimes at Site B. 
Plate 3.11 . Slime retention pond at Site B. Mining of tailings for construction sand has 
resulted in the production of the large white mounds visible in the far distance. This one 
area of dredged land extends for over ten kilometres - to the base of the distant hills. 
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3.3.1.3. SITE C. KAMPAR 
N 
1 
5.0m 
.. ~ • 004°. 17'.853'•N IOI0 .09'.000'•E - Sampling path 
Figure 3.11. Sampling map for sandy tailings at Site C. Note the reduced scale. 
Plate 3.12. Discharge of sandy tailings into a disused mine pond at Site C. Residual heavy 
minerals are clearly visible as dark streaks on the white quartz sand. Note the proximity of 
this mine to the granite mountains behind, indicating an alluvial source close to the 
contact zone. 
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3.3.1.4. SITED. TANJONG TuALANG 
e 004°.21'.960"N 100°.59'.447"E - Sampling paths 
Figure 3.12. Sampling map for sandy tailings at Site D. The crescent-shaped sampling path 
represents the adjoining sand quarry face. 
Plate 3.13. Sandy tailings at Site D. Melastoma ma/abathricum is common on the lower 
slopes of the tailings, nearer a mine pond. 
The distant 4x4 vehicle gives an indication of scale. 
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3.3.1.5. S ITE E. KAMPONG CHE SONG 
N 
l 
20m 
'4 ~ e 004°.21 '.884"N I 00°.59' .438"E - Sampling paths 
Figure 3.13. Sampling map for sandy tailings at Site E. The crescent-shaped sampling path 
represents the adjoining, indistinct sand quarry face . 
.. 
Plate 3.14. The eroded face of quarried sandy tailings at Site E. Sporadic tufts of 
Pennisetum polystachion are easily identifiable. The scale pole is just v isible in the centre, 
one metre tall. 
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3.3.1.6. SITE F. TERONOH 
N 
\ 
20m 
'4 ... e 004°.26'.6 13"N 100°.59' .395"E - Sampling path 
Figure 3.14. Sampling map for sandy tailings at Site F. The triple-curved sampling path 
represents the adjoining sand quarry face. 
- ' 
Plate 3.15. The eroded face of quarried sandy tailings at Site F. Unusually, the top surface of 
these tailings is heavily vegetated, and given the reddish colour, this may indicate the 
application of an overburden capping layer. 
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3.3.2. NATURAL SANDY SOILS 
If existing forest communities growmg on sandy soils are to fonn the models for 
naturalistic afforestation of sandy tailings, it is necessary to discover whether these 
substrates are chemically or physically comparable. Three areas of sandy soil were 
therefore identified - one in a coastal district of Perak, and two in the coastal plain of 
Terengganu (Figure 3.15.). Only one of these (Jambu Bongkok) continues to support a 
natural forest community,. the others having long-since been cleared for agriculture. To set 
the data for overburden and slimes into an appropriate context, an area of lowland kaolisol 
(Rengam Series) was also identified and sampled on the campus of Universiti Malaya, to 
the south-west of central Kuala Lumpur (Figure 3.15.). 
Site ID Location Soil Series Type of Soil 
1 Pantai Remis Jambu Sandy 
2 Kampong Penarik Rusila Sandy 
3 Jambu Bongkok Rudua Sandy 
4 Universiti Malaya Rengam Kaolinitic 
Table 3.4. Sampling sites on natural soils. 
Soil classification follows Panton (1958), Weng (1968) and Paramanthan (2000). 
Sampling methodologies follow those adopted for sandy tailings. Each soil series was first 
located with the aid of soil maps (Panton, 1958; Weng, 1968; Wyatt-Smith, 1963) and 
suitable, accessible areas identified. The vegetation cover on siliceous soils is often quite 
different from that of surrounding peat or kaolisols, facilitating their field identification. 
This was particularly apparent at Pantai Remis, where plantations of oil palm (Eiaeis 
guineensis) and rubber (Hevea brasiliensis) suddenly give way to coconut (Cocos 
nucifera) on the Jambu soils. The perimeter of each site was recorded by GPS, and (where 
possible) a w-shaped path superimposed within this. Surface (0-15cm) samples were 
obtained along these paths as described in Section 3.2.1. 
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At Site 4, thirty specimens of Melastoma malabathricum were randomly selected along the 
sampling path, and soil collected from their 0-15cm rooting zones using a trowel. Ten of 
the youngest fully-expanded leaves were also collected from each plant. These samples 
were gathered to provide comparative data for this species when established on sandy 
tailings. 
N 
t South China Sea 
P . R . el anta1 em•s• 
e Jpoh 
Straits of Melaka 4 .. Kuala Lumpur 
• Soil Sampling Site 
• Urban Area 
14 ... 50km 
Figure 3.15. Soil sampling sites in Peninsular Malaysia. 
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3.3.2.1. SITE 1. PANTAIREMJS: JAMBU SERIES SoiL 
N 
/ 
20m 
"" .. 
• 004°.30' .163"N 100°.38'.846"E - Sampling path 
Figure 3.16. Sampling map for Jambu Series soil at Site 1. 
Plate 3.16. Site 1, covered with a sward of Pennlsetum po/ystachion. A small plantation of 
coconut is visible to the rear. 
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3.3.2.2. SITE 2. KAMPONG PENARIK: R USILA SERIES SOIL 
N 
/ 
e 005°.35'. 150"N 102°.48'.020"E ~ Sampling path 
Figure 3.17. Sampling map for Rusila Series soil at Site 2. 
Plate 3.17. Site 2. The dense, thorny plant cover (unidentified, but possibly a member of the 
genus Eugenia) resulted in the sampling path given in Figure 3.13. Sampling on the 
trackway itself was avoided. 
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3.3.2.3 . SITE 3. JAMBU B ONGKOK VIRGIN JUNGLE RESERVE: RUDUA SERIES S OIL 
"-.N 
~20m ..,. e 004°.53 '.976"N l03°.22' .134"E __. Sampling path 
Figure 3.18. Sampling map for Rudua Series soil at Site 3. 
Plate 3.18. Site 3. Jambu Bongkok Virgin Jungle Reserve, growing on Rudua Series soil. The 
large tree is a mature specimen of Shorea materia/is, one of several timber species present 
here. The mineral soil within the forest is covered by a 5-10cm layer of leaf litter. 
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3.3.2.4. SITE4. UNNERSm MALAYA: RENGAM SERIES SOIL 
\. 
N 
20m 
• • e 003°.07' .843"N IO I0 .39'.484"E - Sampling path 
Figure 3.19. Sampling map for Rengam Series soil at Site 4. 
Plate 3.19. Site 4. The Universiti Malaya campus in Kuala Lumpur. The Rimba llmu bulding 
(seen here) is built in an amphitheatre created within an excavated Rengam Series soil. Leaf 
samples of Me/astoma malabathricum (together with soil from beneath each plant) were 
collected along a path following the fringe of secondary forest behind. 
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3.3.3. GREENHOUSE EXPERJMENTS 
Amelioration of sandy tailings through addition of organic matter and I or clay is a 
common practice (Lim et al, 1981 ). However, while such procedures improve the nutrient 
and water retention capacities of the substrate, nothing is known of their effects on crop 
uptake of trace elements: 
• The trace element status of sandy tailings is largely undocumented, as is their effect on 
and uptake by plants. 
• The trace element composition of slime tailings is unknown. However, since it is 
largely composed of kaolinite, it is likely to contribute to plant-available aluminium, 
which may induce toxicity in addition to decreasing phosphate availability. 
• Bulky organic materials such as EFB and peat may in turn reduce aluminium and trace 
element toxicity through complexation and chelation. 
• Mycorrhizal fungi generally improve plant uptake of phosphate and may also confer 
some degree of heavy metal and aluminium tolerance on their hosts - both ideal 
qualities for plant establishment on sandy tailings. However, given that mycorrhizal 
fungi proliferate in soil organic matter, they could liberate trace elements previously 
accumulated by this medium. 
To address these various unknowns, a greenhouse trial was performed at Universiti Malaya 
in Kuala Lumpur. This was designed to emulate field conditions where possible, with 
collected sand, clay and peat used in their natural states (not sterilized) and unfiltered I 
unsterilized rainwater used throughout. Although drainage of plant pots was eliminated to 
reduce the chances of cross-contamination by commercial mycorrhizal inoculum, no 
attempt was made to suppress the native micro flora within the various media. 
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• Sandy tailings were collected from the same half-hectare site as was used for 
preliminary sampling (Section 3.2.). Surface (0-!Scm) material was collected by shovel 
from within each subplot, and placed in polythene sacks for return to the greenhouse. 
The sand was emptied onto a flat tiled surface and manually homogenized before 
storage in fibreglass tanks. Several subsamples of known volume were taken and dried 
for 48 hours in a laboratory oven at l05°C. These were then weighed, and an average 
figure obtained for a dry weight I fresh volume ratio. (This procedure was repeated for 
clay and peat, allowing various mixes by weight to be created in the greenhouse by 
mixing known volumes of the raw materials). 
• Clay was collected from an old slime retention paddock at Site A (Plate 3.8.). 
Vegetation was cleared from an area two metres square, and the thin (Scm) organic 
layer scraped back to expose the slimes beneath. These were dug by hand and placed in 
polythene sacks for return to the greenhouse. Homogenization of the very sticky clay 
was not attempted. Instead, the material was placed in a fibreglass tank and rainwater 
added. The whole was manually mixed with successive additions of rainwater until the 
clay formed a thick and consistent slurry. 
• Peat was collected from a deforested area of Site A, cleared in preparation for mining, 
but subsequently colonized by lmperata cylindrica. The exposed peat was 
approximately one metre deep, forming a clear boundary with the clay overburden 
beneath. Only the finer peat was collected, with large pieces of timber (distributed 
throughout the layer) being avoided. Since the material was saturated with ground 
water, it proved straightforward to homogenize. 
• Mycorrhizal inoculum (TerraVital-D) was purchased from a commercial source 
(Plantworks UK, Sittingboume, Kent). The active constituents of this product were the 
fungal spores, mycelia and root fragments colonized by five mycorrhizal species: 
Glomus manihotis, G. mosseae, G. geosporum, G. microaggregatum and Gigaspora 
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rosea. These are held in an inert earner medium containing expanded clay (not 
specified by the supplier), together with particles of slate-argillite and zeolite, 
producing a medium with pH 7.6. In greenhouse trials, it is recommended that this 
product be mixed with experimental soils at a rate of I 0% (v/v). Such quantities of the 
carrier medium could impact upon soil chemistry, increasing pH and (perhaps) 
available plant nutrients. To differentiate between genuine mycorrhizal effects and the 
impact of this carrier medium, all active mycorrhizal treatments were complemented 
with treatments containing the sterile carrier, mixed at the same rate as the inoculum. 
• Two plant species were selected: Pueraria phaseoloides and Panicum miliaceum. 
Mycorrhizal trials are often performed with maize (Zea mays) (eg. Weissenhorn et al., 
1995), but a preliminary trial with this species was not successful, as rodents 
devastated the crop. Panicum milicaeum (French Millet) was chosen as a readily-
available replacement. Pueraria phaseoloides (Tropical Kudzu) is a leguminous 
species widely grown as a ground cover in palm oil and rubber plantations ('t Mannetje 
& Jones, 1992) and is also found as a pioneer on sandy tailings (Palaniappan, 1974). 
Seed of both species was purchased from B & T World Seeds (Olonzac, France), with 
additional supplies of Panicum obtained locally. 
3.3.3.1. EXPERIMENTAL SETUP AND TERMINATION 
A range of peat and clay additions was thought necessary to adequately examine the 
individual and interactive effects of these materials. Since Lim et al. (1981) indicated that 
the greatest improvement in yield of Brassica chinensis occurred with a mix of 70% sand 
and 30% slime, 30% was fixed upon as the highest added clay treatment. The organic 
carbon content of natural tropical soils is variable - but generally low - with Kauffman, 
Sombroek & Mantel (1998) giving a range of 0.8 to 5.0% from arenosols and podzols 
respectively. 6% was chosen as an upper limit for peat treatments. 
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Since the dry weight to volume ratios for each material were known, experimental soils 
were created by first adding the required volume of clay to sand and mixing. This was then 
allowed to partially dry before disaggregation and re-mixing (Plate 3.20.). Four basic soils 
were thereby produced, containing 0, 10, 20 and 30% slime (w/w). The fresh volume I dry 
weight ratios of these new soils were then determined before addition of appropriate 
volumes of peat to give homogenous soils with 0, 2, 4 or 6% added peat (Table 3.5.). 
Plate 3.20. Mixing experimental soils in the greenhouse at Universiti Malaya. 
Soil number Sand Clay Peat Soil number Sand Clay Peat 
1 100 0 0 9 80 20 0 
2 98 0 2 10 78.4 19.6 2 
3 96 0 4 11 76.8 19.2 4 
4 94 0 6 12 75.2 18.8 6 
5 90 10 0 13 70 30 0 
6 88.2 9.8 2 14 68.6 29.4 2 
7 86.4 9.6 4 15 67.2 28.8 4 
8 84.6 9.4 6 16 65.8 28.2 6 
Table 3.5. Composition of experimental soils(%). 
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Once the soils had been created, the mycorrhizal treatments were applied. These were: no 
mycorrhizal addition, live inoculum, and carrier medium only. To approximate the 
suggested one to nine dilution for mycorrhizal treatments, 1600ml of each soil was placed 
into a marked polycarbonate container. 200ml of the Jive inoculum (or carrier medium) 
were measured onto this, using a marked pyrex beaker (Plate 3.21.). The lid was placed on 
the container, and the whole vigorously shaken to mix the ingredients. 
Plate 3.21. Measuring mycorrhizal inoculum. 
The resulting soil was then placed into a prepared planting bag and labelled with an 
experimental number. In control treatments (no mycorrhizal inoculum or carrier) 1800ml 
of soil alone was used, allowing plants across all treatments to have access to the same 
volume - rather than weight - of soil. Locally-purchased, two litre black polythene plant 
bags were used throughout. To prevent cross-contamination of inoculated and non-
inoculated soils, each plant bag was lined with a second polythene bag (also purchased 
locally) to block drainage boles (Plate 3.22.). To further reduce the chance of cross-
infection, all mycorrbizal soil treatments were prepared in a single batch, and the work 
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surface and equipment sterilized with 10% bleach solution before mixing other treatments. 
Excessive polythene was then trimmed, and the soils watered prior to sowing of the 
experimental crop. To provide comparative material, Pueraria and Panicum were also 
grown in three sandy soils and one lowland kaolisol (as described in Section 3.3.2.). All 
treatments were replicated four times. 
Plate 3.22. Plant pots filled with experimental soils. 
Soils for mycorrhizal experiments would normally be watered to field capacity, since this 
guarantees the most consistent wetting of the rooting medium, increasing the chance of 
homogenous root and fungal colonization of the substrate (Brundrett et al. , 1996). 
Although field capacities of the many different soil and mycorrhizal mixes were 
determined in the laboratory, small variations within each soil meant that excessive 
volumes of water were often added, with potentially disastrous consequences for the 
growing crop. Rather than risk complete experimental failure, a more rudimentary method 
was adopted, based upon an observed reduction in soil cohesion as it approached field 
capacity. The water status of each pot was estimated by spiking with a sharpened bamboo 
157 
Chapter 3. Materials and Methods 
stake. Rainwater was applied, the soil allowed to equilibrate and soil cohesion tested again. 
The procedure was repeated until approximate field capacity was reached. All treatments 
were watered twice daily in this manner for the duration of the experiment, with each 
planting bag allocated its own stake. Rainwater collected from the greenhouse roof was 
used for all crop watering, and underwent no pre-treatment. There was a chance that 
rainwater would contain wind-blown mycorrhizal spores, originating from soils outside the 
greenhouse. Given that field experiments would be subjected to the same risk, filtration or 
other sterilization of irrigation water was felt to be unnecessary. However, to reduce the 
chances of cross-infection by airborne dust within the greenhouse, the floor and wall 
surfaces were twice daily damped-down with tap water. 
Seed of both species was surface sterilized by immersion m 5% sodium hypochlorite 
solution for I 5 minutes, followed by repeated rinsing in distilled water (Boddington & 
Dodd, 2000). They were then placed in a sterile petri dish lined with filter paper, and 
allowed to air-dry before use. Five seeds of Panicum miliaceum were sown directly into 
each pot. Germination was extremely rapid, normally taking two or three days. 
Germination of Pueraria phaseoloides was more erratic, taking up to three weeks. To 
reduce variability within the experiment, all seed of this species was sown in plastic 
troughs filled with solar-sterilized mine sand ( <2mm sandy tailings sealed in plastic bags 
and left in the tropical sun for several days) (Brundrett et al., 1996), and allowed to grow 
on for a week after germination. Similarly sized seedlings were selected from this source, 
and carefully transplanted into the experimental pots. Any plants which did not survive this 
process were replaced until all pots contained single, growing seedlings of similar size 
(Plate 3.23.). Three weeks after beginning the process, every Panicum treatment contained 
five seedlings of similar size, while every Pueraria treatment contained single seedlings of 
similar size. At this point all pots were randomized to reduce any effects of microclimate 
zoning within the greenhouse. 
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Plate 3.23. Three weeks after commencement of the experiment, all pots contain healthy 
seedlings of Pueraria phaseoloides or Panicum miliaceum and are ready for randomization 
within the greenhouse. 
Panicum plants began to flower after two months, and were harvested at that point. 
Pueraria were harvested after three months, when still growing vegetatively. All above-
ground parts of the plant were cut with clean secateurs and removed into pre-weighed, 
labelled plastic bags for return to the laboratory. They were weighed on an analytical 
balance (Oxford Analytical Products Ltd, Oxford) to 0.1mg, giving their fresh weights. 
The material was then transferred to paper envelopes and dried in a laboratory oven (Sanyo 
Gallenkamp, Loughborough) at 80°C for several weeks (Jones Jr, 1991), before return to 
England, where they were dried again, and weighed on an analytical balance (Mettler 
Toledo, Switzerland) to 0.0 lmg, giving their dry weights. Samples of soil from each 
treatment were air-dried and returned to Plymouth for mycorrhizal and chemical analyses, 
while roots were carefully extracted and gently rinsed in running water. They were then 
placed in sample bottles filled with 50% ethyl-alcohol (Brundrett et al., 1996), to preserve 
them for return to Plymouth and further examination. 
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3.4. SAMPLE PREPARATION 
3.4.1. SAMPLE PRE-PREPARATION IN MALAYSIA 
Field and greenhouse work in Malaysia generated a range of soil and plant samples, each 
requiring pre-treatment before return to Plymouth. Soil gravimetric water contents and 
plant fresh weights were the only two laboratory determinations made at Universiti 
Malaya, with all others performed at the University of Plymouth. 
• Preliminary surface and profile samples of fresh sandy tailings were air-dried 
(approximately 30°C) in the laboratory for 72 hours. Representative subsamples from 
each were then taken by coning and quartering to give material for particle size 
analysis. The remainder of each sample was sieved through a 2mm square-mesh nylon 
sieve and retained separately for chemical analyses. 
• Sandy tailings, slimes, overburden and natural soils collected during the second field 
visit were likewise air-dried for 72 hours. Samples required no disaggregation before 
further treatment, with the exception of the slimes and kaolinitic Rengam soil. These 
were gently crushed in a large ceramic mortar and pestle before homogenization. 
Subsamples were taken from each of the thirty specimens collected at each location 
and sieved through a 2mm square-mesh nylon sieve to give individual samples for 
chemical analyses. The remaining un-sieved material was thoroughly mixed to produce 
a representative sample for each site. One subsample from this was taken for particle 
size determination, while another was sieved through a 2mm square-mesh nylon sieve 
to provide a sample for chemical analyses. 
• Samples of each prepared greenhouse soil were air-dried at approximately 30°C. 
Whole samples of only four soils ( l 00% sandy tailings; 90% sandy tailings and I 0% 
slimes; 80% sandy tailings and 20% slimes; 70% sandy tailings and 30% slimes) were 
retained for particle size analysis. Representative subsamples of these and all other 
soils were sieved through a 2mm square-mesh nylon sieve in preparation for chemical 
160 
Chapter 3. Materials and Methods 
analyses. Disaggregation of the air-driedmaterial prior to sieving was performed with a 
mortar and pestle where necessary. 
• Leaf samples of Melastoma malabathricum were dried in a laboratory oven (Sanyo 
Gallenkamp, Loughborough) at 80°C for 72 hours before further processing. The oven-
dried leaves were lightly brushed with a pure bristle paintbrush, but not washed. Since 
Melastoma malabathricum is a shrubby species, with leaves held SOcm and more from 
the soil surface, soil contamination was not considered important. Washing leaves can 
reduce concentrations of soluble elements such as potassium (Jones Jr, 1991 ), but may 
prove necessary in low-growing species which are subject to contamination by the soil 
substrate (McCrimmon, 1994 ). 
• Shoots of Panicum miliaceum and Pueraria phaseo/oides were similarly treated. Since 
plants from many of the treatments were rather small (as little as O.OOSg dry weight), 
washing could seriously affect their chemistry. However, given their small size, there 
was also a risk that they could have been contaminated with soil during growth. On 
balance, and given the delicate nature of many of the specimens, neither surface 
brushing nor washing were undertaken. The small size of some plants also precluded 
their separate chemical analysis, given that standard analytical protocols require O.Sg 
oven-dried material (Jones Jr, 1991). The material from each of the four replicates 
within each treatment were therefore combined (after weighing) to give a single 
sample. 
• At harvest, the root systems of Panicum miliaceum and Pueraria phaseo/oides varied 
considerably in their extent. Small root systems (from many of the control treatments) 
were combined within each treatment and preserved together in 50% ethyl alcohol. 
Larger root systems were preserved separately, and later subsampled to provide similar 
single, representative samples from each treatment for mycorrhizal analysis. 
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• Following harvest and removal of root systems, experimental soil mixes were retained 
for mycorrhizal examination. Soil from each of the four replicates in each treatment 
was combined, subsampled and air-dried. They were then carefully disaggregated in a 
mortar and pestle, and sieved through a 2mm square mesh nylon sieve. 
3.4.2. SAMPLE PRE-PREPARATION IN PLYMOUTH 
Once returned to Plymouth, further pre-treatment of some samples was necessary before 
the appropriate laboratory analyses could be performed: 
• Prior to digestion in concentrated acid or CHN analysis, soils were ground. Berrow & 
Stein (1983) recommend a particle size of 150f.U11, but 250f.llll was chosen, since this 
was the particle size of reference soils obtained through the Wageningen Evaluating 
Programmes for Analytical Laboratories network (WEPAL, Department of 
Environmental Sciences, University of Wageningen, Netherlands). Representative 
subsamples of <2mm air-dry soil were therefore taken and ground in a stainless steel 
disc mill (Tema, Banbury) at I OOOrpm for one minute, or until material passed a 
250J.im nylon sieve. The reference soils were also put through this milling cycle to 
determine any effects of milling on soil chemistry (Appendix F). 
• Digestion of plant material in concentrated acid also requires reduction of material to a 
homogenous powder. Oven-dried (80°C) leaves were therefore ground in a domestic 
coffee mill (Model CG I 00, Kenwood, Havant) until they passed a 0.84mm nylon sieve 
(Jones Jr, 1991). Some samples were too small to be effectively ground by the cutting 
action of this mill, and were hand cut with a surgical steel scalpel on a polythene 
cutting board. Reference materials were also milled to determine any effects of milling 
on plant chemistry (Appendix F). 
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3.5.1. SOILS 
3.5.1.1. PREPARATION OF LABORATORY WARES 
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High purity reagents were used for all analyses (Fisher (UK) Certified (F) Grade, Fisher 
Scientific, Loughborough) to minimize sample contamination. Ultra-pure double-deionized 
water (DDW) was also used throughout, unless otherwise stated. 
Laboratory equipment (specifically glass and plastic wares) were all thoroughly cleaned 
prior to use. Following initial rinsing in distilled water, equipment was left to soak in I 0% 
HN03 overnight. it was then thoroughly rinsed with DDW and set aside to dry in a covered 
area. 
3.5.1.2. SOIL PH 
Soil pH can be measured in a number of ways, most methods depending upon mixing soil 
in water or an unbuffered salt solution, and measuring the pH of the resulting suspension 
(Landon, 1984). Although suspensions in 0.0 I M CaCl2 solution are often recommended 
for temperate soils, determinations of tropical soils are usually performed with a I : 2.5 
suspension of soil in water (Landon, 1984; Anderson & lngram, 1993). 
20 ± O.lg <2mm air-dry soil was placed in a 125ml polythene bottle, and 50ml distilled 
water added. The sealed bottles were then placed on their sides and shaken (Baird and 
Tatlock Reciprocal Shaker, Laboratory Thermal Equipment, Oldham) for ten minutes, then 
allowed to stand for thirty. The mixtures were then shaken briefly by hand, and pH of the 
settling suspension measured using a Jenway 3305 pH meter (Jenway, Dunmow, Essex) 
fitted with a BDH Gelplas general purpose combination electrode (BDH, Poole, Dorset). 
The instrument was calibrated prior to analysis with certified pH 4.00 and pH 7.00 
solutions (BDH, Poole, Dorset). 
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3.5.1.3. SOIL CARBON, HYDROGEN AND NITROGEN 
Soil carbon, hydrogen and nitrogen were measured by autoanalyzer (CE Instruments EA 
1100 CHNS Autoanalyzer, Thenno Quest Italia, Milan). Within this instrument, soils are 
combusted at 950°C in pure oxygen. The resulting gases are carried on a stream of pure 
helium through a gas chromatography column, the instrument automatically calculating the 
carbon, hydrogen and nitrogen contents of the original samples (Figure 3.20.). 
' •I I 
H 
•. 
: • 
N -
I • I • I I I .I I i I 
0 I 2 3 4 5 6 7 8 9 10 
Run time (minutes) 
Figure 3.20. Gas chromatogram of EDTA showing peaks for nitrogen, carbon and hydrogen. 
Approximately 8.00mg of milled ( <2501lfll), oven-dried (I 05°C) sample was placed into a 
tinfoil cup. This was carefully crushed around the sample to exclude air, and loaded into an 
autosampler on the instrument. Each soil was analyzed in triplicate, and samples of a 
reference material of known CHN content (EDT A (ethylenediaminetetraacetic acid)) 
dispersed throughout the analytical run to check instrument performance. 
In low carbon samples, the instrument was unable to discriminate between the nitrogen and 
carbon peaks, and reliable data was only produced by the instrument when soils contained 
organic matter with sufficient nitrogen content to allow for accurate peak discrimination 
(Section 3.6.1.1.). Only the organic-rich surface soil horizons of the Jambu Bongkok 
Virgin Jungle Reserve fulfilled this criterion. 
The inaccuracy of this CHN data required a second technique to be used for estimation of 
soil organic content, and loss on ignition was chosen. Heating soils to 500°C (ignition) 
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causes reduction of organic matter, and weighing soil before and after ignition provides an 
estimate of the soil organic content. Such data must be treated with caution, since clay and 
sesquioxide minerals also lose water (and hence, mass) when heated between 280 and 
400°C, as (for example) goethite is dehydrated to haematite (Rowell, 1994). 
Small quantities (-5.0000g) of oven-dry (105°C), finely ground (<250J.UTI) soils were 
placed into weighed crucibles and ignited overnight at 500°C in a Carbolite EAF 11114 
Chamber Furnace (Carbolite, Hope, Derbyshire). Crucibles were allowed to cool in a 
dessicator and re-weighed. Loss on ignition was calculated as a percentage of oven-dry 
soil. 
3.5.1.4. 'TOTAL' NUTRIENT AND TRACE ELEMENTS IN SOILS 
Detailed analysis of the chemistry of sandy tailings could not be performed until the 
elements of interest and their approximate concentrations had been determined. The levels 
of heavy metals in soils are normally determined by digestion of the soil in strong acids 
(such as nitric and perchloric) (Houba et al., 1996; Soltanpour et al., 1998) with analysis of 
the resulting solution by AAS, AES or MS. An aqua-regia method was adopted here for 
safety reasons (in comparison with perchloric-nitric digests) (Table 3.6.). 
The resulting digest solutions were analyzed by ICP-MS (VG Elemental PQ3, Thermo 
Electron, Cheshire) in semi-quantitative mode. The instrument was first calibrated with a 
standard containing I OOng g·' Be, Mg, Co, In, Pb & U, from which a mass-response curve 
was generated. Samples were automatically compared with this calibration to give 
estimates for 64 different elements. From these, 22 were selected for further investigation: 
magnesium, aluminium, phosphorus, sulphur, potassium, calcium, iron, manganese, cobalt, 
nickel, copper, zinc, arsenic, molybdenum, tin, lanthanum, cerium, praseodymium, 
neodymium, lead and uranium (Appendix C). 
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Aqua regia 
Add 130ml cone. (36%) HCI to 120ml DDW 
Add this to 85ml cone. (70%) HNO 3 
2%HNOJ 
Add 100ml cone. (70%) HN0 3 to 3.51itres DDW 
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Cam lab Vortex 20 Test tube mixer operated at 2400rpm (Camlab, Cambridge) 
Eurotherm Liebisch Hotblock 2404 (Eurotherm, Worthing) 
Table 3.6. Reagents and equipment used for aqua regia digest. 
Digest method (Radojevic & Bashkin, 1999): 
• Place 0.5000 g ground (250f.!m) soil into a test tube 
• Add 7.5ml aqua regia, swirl (on a test tube mixer) and leave overnight 
• Place in a programmable hotblock 
• Heat to 50°C for 30 minutes 
• Increase heat to 120°C for two hours 
• Allow to cool before adding 5ml 2% HN03 
• Place 2.5ml of lmg 1" 1 indium and thallium solution into a 25ml volumetric flask 
• Swirl and filter through a fluted Whatman 42 filter paper into this 25ml volumetric 
flask 
• Thoroughly rinse test tube and filter paper with 5ml aliquots of2% HN03 
• Make up to volume with 2% HN03 
• Analyze 
Similar (but fully quantitative) digests were subsequently performed on all collected mine 
and natural soils, although instrumental limitations resulted in a combination of ICP-MS, 
ICP-AES and F-AES being required for the determination of all elements. Further details 
are given in Section 3.6.1.2. 
166 
Chapter 3. Materials and Methods 
3.5.1.5. 'PLANT AVAILABLE' NUTRJENT AND TRACE ELEMENTS IN SOILS 
Although soil pollution status is usually detennined by acid digestion of the soil, the 
resulting data does not give an indication of the pollutants' significance within the soil, 
since mineral and organic soil components may adsorb, chelate or complex ions, rendering 
them more or less available for plant uptake. To give a closer approximation of the 'plant 
available' chemical fractions, a different approach is required, based upon techniques used 
to test the fertility of agricultural soils. Such tests also analyze the fine earth fraction of 
soils (<2mrn), requiring only sieving (rather then milling) of the substrate prior to use, 
thereby eliminating any sample contamination that this might produce (Appendix F). The 
range of soil tests varies from country to country, soil to soil, and element to element 
(Tables 3.7. and 3.8.). 
Extracting Reagent Name of Procedure 
0.025N HCI + 0.03N NH 4F Bray 1 
0.1 N HCI + 0.03N NH 4F Bray 2 
0.5N NaHC03 at pH 8.5 Olsen 
0.05N HCI + 0.025N H 2SO• Mehlich 1 
0.2N CH 3COOH + 0.2N NH.CI + Mehlich 2 
0.015N NH4F + 0.012N HCI 
0.2N CH 3COOH + 0.25N NH.N03 + Mehlich 3 
0.015N NH4F + 0.013N HN03 + 
0.001M EDTA 
0.005N H2SO. buffered at pH 3.0 with Truog 
(NH4 )2SO. 
0.54N HOAc + 0.7N NaOAc at pH 4.8 Morgan 
0.02N Ca lactate + 0.02N HCI Egner 
1% citric acid Citric Acid 
Table 3.7. Reagents used for extraction of available phosphorus in the USA (Jones Jr, 1998). 
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Element Extractant 
K,Na 0.1 M HCI + 0.2M oxalic acid 
P (arable land) Water (20°C) 
P (grassland) 0.1 M ammonium lactate + 0.4M ethanoic acid (pH 3. 75) 
Co 0.4M ethanoic acid 
Cu 0.43M HN0 3 
Zn 0.4M ethanoic acid 
Table 3.8. Extraction procedures for soil chemistry in The Netherlands (Houba et al., 1996). 
Although the major nutrient cations (Mg, Ca and K) are often extracted simultaneously in a 
buffered ammonium acetate solution (Anderson & lngram, 1993; van Raij, 1994), other 
elements are determined following individual extraction procedures. The possibility of 
producing a single extract that could be used for determination of a wide range of elements 
was first realized in 1941, with the creation of the M organ extractant. This was followed 
by the Mehlich extractant in 1954, the ammonium bicarbonate - DTPA 
( diethylenetriaminepentaacetic acid) extractant in 1977 and the Mehlich 3 extractant in 
1984 (Table 3.9.) (Jones Jr, 1990). 
Extractant Soil Type Elements Determined 
M organ all acid soils and P, K, Ca, Mg, Cu, Fe, Mn, Zn, NO 3, 
soilless mixtures NH4 , 504 , AI, As, Hg, Pb 
Mehlich 1 acid sandy soils P, K, Ca, Mg, Na, Mn, Zn 
Mehlich 3 all acid soils P, K, Ca, Mg, Na, B, Cu, Fe, Mn, Zn 
NaHC03 -DTPA alkaline soils P,K,Na,Fe,Mn,Zn,As,Cd,N0 3 
Table 3.9. Universal soil extractants, their soil applicability and elements determined. 
In the USA, the Mehlich 3 extractant has been widely adopted for soil nutrient testing, 
while in Europe, a O.OIM CaCI2 solution has been favoured (de Abreu et al., 1998). Given 
the likely deficit of calcium in acid, sandy tropical soils (Landon, 1984), a separate soil 
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extract would have had to be made if0.01M CaCiz were used for extractions. However, to 
compare the techniques, both Mehlich 3 and 0.01M CaCI2 extractions were made of the 
preliminary samples of sandy tailings, using the protocols of the Soil and Plant Analysis 
Council (2000) and Houba et al. (2000) (Table 3.10). The O.OlM CaCb extractant is made 
by dissolving 1.47g of CaCiz·2H20 in IOOOml DDW, and is used in exactly the same way 
and proportions as Mehlich 3, except that shaking time is increased to two hours. Plastic 
labwares were used throughout to prevent contamination by zinc from pyrex glassware 
(Mehlich, 1984). Concentrations for most elements were low in both extractants (Appendix 
D), but given the added benefit of calcium determination in the Mehlich 3 extract, this was 
adopted as the preferred method. 
Stock Solution 
Place 138.9g NH.F in a 1000ml plastic volumetric nask 
Add approx. 600ml DDW and dissolve 
Add 73.05g EDTA and dissolve 
Bring to volume with DDW 
Extractant 
Place 41itres of DDW in a 51itre plastic vessel 
Add 100g NH.N03 and dissolve 
Add 20ml Stock Solution and mix 
Add 57.5ml Glacial Acetic Acid and mix 
Add 4.1ml69% HN03 
Bring to volume with DDW 
Baird & Tatlock Multi-Shaker, Laboratory Thermal Equipment, Oldham 
Table 3.10. Reagents and equipment used for Mehlich 3 extraction 
Extraction method (Soil and Plant Analysis Council, 2000): 
• Place IO.OOg air dry (<2mm) soil in a 250ml plastic bottle 
• Add I OOml Mehlich 3 extractant 
c Shake for five minutes at approx. 200 reciprocations per minute 
• Filter through a fluted Whatman 42 filter paper into a plastic bottle 
• Place 5ml of I mg 1" 1 indium and thallium solution into a 50ml volumetric flask 
• Fill to volume with the soil extract and transfer to a plastic bottle for storage 
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Since its development in I 984, the use of Mehlich 3 has been extended beyond those 
elements listed in Table 3.9., for estimation of macro and micronutrients in a wide range of 
soil types. For example, Rao & Sharma (1997) found that sulphur uptake by tea (Camellia 
sinensis) was closely correlated to Mehlich 3 extractable sulphur levels in soil, while 
comparisons of Mehlich 3 and DTPA extracts of lead, cadmium, manganese, nickel, zinc 
and copper from Spanish mine soils by Monterroso, Alvarez & Marcos (1999).suggested 
that Mehlich 3 could be used for estimation of these elements. 
However, no extractant can predict availability of all elements to all species. Zhang, Shan 
& Li (2000) determined that although Mehlich 3 extractions predicted rare earth element 
availability to wheat (Triticum aestivum), better crop correlations were obtained with a 
malic-citric acid extractant. Likewise, Peryea (2002) showed that extractable arsenate 
levels were poorly related to concentrations in apple (Malus domestica) foliage and Faust 
& Christians (1999) found that both Mehlich 3 and DTPA were unable to predict uptake of 
copper by Creeping Bentgrass (Agrostis palustris). Nonetheless, the Mehlich 3 test has 
been widely adopted for the measurement of plant available elements in temperate (Zbiral 
& Nemec, 2000; Mylavarapu, 2002) and tropical (Gadea-Rivas & Briceno-Salazar, I 994; 
Chilimba, Mughogho & Wendt, I 999) soils. It has not yet (apparently) been adopted in 
Malaysia, and a database for Mehlich 3 extractable nutrients in Malaysian soils is not 
available. Fortunately, acetic acid and ammonium nitrate react in the extractant to produce 
ammonium acetate, which remains the extractant of choice for cations in Malaysian soils 
(van Raij, 1994). Sen Tran & Simard (1993) discovered that levels of extractable cations in 
a wide range of Canadian soils were extremely similar whether extracted by Mehlich 3 or 
buffered ammonium acetate, which allows Mehlich 3 extracts from sandy tailings to be 
compared directly with ammonium acetate extracts from a huge range of Malaysian soils 
(Paramananthan, 2000). 
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Mehlich 3 may have one further application for tropical soils: In kaolin-dominated soils, 
phosphate is strongly adsorbed to aluminium and iron sesquioxides (Section 2.2.5.), 
reducing its availability for plant uptake. Pi ha ( 1993) showed that levels of Mehlich 3 
extractable aluminium were directly correlated with the capacity of tested soils to adsorb 
applied phosphate. Kleinrnan & Sharpley (2002) subsequently demonstrated that the 
phosphorus saturation percentage (P,.,) of a soil could be estimated from Mehlich 3 
phosphorus (PM3), aluminium (AIMJ) and iron (FeMJ) concentrations (P,., = PMJ(FeMJ + 
AIM3r1). Mehlich 3 data can therefore be used to tailor phosphate applications -
sufficiently exceeding the soil sorption capacity to provide available phosphate for plant 
uptake, but not to an uneconomical or environmentally damaging extent. 
3.5.1.6. EFFECTIVE CATION EXCHANGE CAPACITY 
Despite the emphasis on trace elements in sandy tailings, a range of plant macro and 
micronutrients were also determined in Mehlich 3 extracts, including P, S, K, Mg, Ca, Fe, 
Mn, Zn, Cu, Mo, Ni and Co. In variable charge soils, cation exchange capacity can be 
estimated by summing its ammonium acetate extractable magnesium, calcium and 
potassium levels with its IN KC! exchangeable acidity (H+ + Al3+) (Anderson & Ingram, 
1993). Substituting the previously determined Mehlich 3 concentrations of Mg, Ca and K 
for ammonium acetate extractable concentrations (Sen Tran & Simard, 1993) required only 
determination of exchangeable acidity for calculation of ECEC. The IN KC! exchangeable 
acidity of the sixteen greenhouse soils, two natural sandy soils and one kaolisol were 
therefore determined and used to calculate the effective cation exchange capacity of these 
substrates (Table 3.11.). 
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1MKCI 0.01M HCI 
Dissolve 372.75g KCI in 51itres of DDW Add 4.13ml cone. (37%) HCI to 5 litres of DDW 
Sodium hydroxide 0.01M Phenolphthalein indicator 
Dissolve 0.4g NaOH in one litre DDW Dissolve 0.1g phenolphthalein in 100ml95% ethanol 
Sodium fluoride solution 
Dissolve 40g NaF in one litre DDW 
Jenway 3305 pH meter (Jenway, Dunmow, Essex 
Baird & Tatlock Multi-Shaker, Laboratory Thermal Equipment, Oldham 
Table 3.11. Reagents and equipment used for determination of 
1 N KCI exchangeable acidity. 
Extraction method (Rowell, 1994): 
• Place I O.OOg (<2mm) air-dry soil into a 60ml plastic bottle 
• Add 25m!IM KC! 
• Shake vigorously for I 0 minutes on a reciprocal shaker 
• Leave to stand overnight 
• Shake for two minutes and measure pH in turbid suspension 
• Filter the suspension through a fluted Whatman 42 filter paper into a I OOml volumetric 
flask 
• Rinse the bottle and soil with successive I Oml aliquots of I M KC! 
• Bring the flask to volume with I M KC! 
• Remove a 50ml sub-sample to a centrifuge tube 
• Determine Ca and Mg in the sub-sample using ICP-AES 
• Transfer remaining extract into a 250ml conical flask 
• Add five drops of indicator 
• Titrate with 0.0 I M NaOH until the appearance of a pink end point (y) 
Exchangeable Al3+ + H+ (cmolc kg- 1) = 0.2y * I 0 I soil mass (3 .I.) 
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3.5.1.7. PARTICLE SIZE DISTRIBUTION 
The range of mineral particle sizes within a soil gives an indication of its nutrient and 
water retention characteristics. Larger (sand) particles improve soil drainage, but have low 
nutrient exchange and water holding capacities, while smaller (clay and silt) particles 
increase water and nutrient retention, but may lead to water logging. Clay particles also 
afford numerous adsorption sites for metals in soils, reducing their downward migration 
through the soil profile (Rieuwerts et al., 1998). 
A semi-automated Malvern Mastersizer X laser particle size analyzer was used for particle 
size determinations (Malvern Instruments Ltd, Malvern). This instrument relies upon the 
principle that particles scatter collimated light in a specific pattern which varies according 
to their size, with smaller particles generating a larger angle of scatter. Scattered light is 
focussed onto 32 light detectors and the sizes of particles determined by comparison with 
stored values of known particle size I scatter responses. Automatic correction was applied 
to eliminate the fraction of light scattered by refraction through small (>20~) particles. 
To determine particle sizes across the 0.1 to 2000~ range, two separate analytical runs 
were performed, using a I OOOmm focal length lens to quantify particles in the 4 to 2000~ 
range and a 45mm focal length lens for particles of 0.1 to 8011m. Data from the two were 
automatically blended to give figures for the whole range. 
Samples of oven-dry (I 05°C) soils were weighed and then sieved through a 2mm round-
mesh brass sieve. The <2mm fraction was weighed and retained for analysis, and the 
>2mm fraction weighed before being discarded. This allowed calculation of the proportion 
of gravel to fine earth in each sample. Organic soils were then heated in a Carbolite EAF 
11/14 Chamber Furnace (Carbolite, Hope, Derbyshire) for 24 hours at 500°C to remove 
organic particles which could otherwise skew the analysis. Small (-5ml) samples of <2mm 
soil were then placed in the instrument's autoanalyzer unit for analysis. The instrument 
automatically ran several replicates of each analysis to give a mean result. 
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3.5.2. PLANTS 
3.5.2.1. PREPARATION OF LABORATORY WARES 
High purity reagents were used for all analyses (such as Fisher (UK) Certified (F) Grade, 
Fisher Scientific, Loughborough, UK) to minimize sample contamination. Ultra-pure 
double-deionized water (DDW) was also used throughout. 
Laboratory equipment (specifically glass and plastic wares) were all thoroughly cleaned 
prior to use. Following initial rinsing in distilled water, equipment was left to soak in 10% 
HN03 overnight. It was then thoroughly rinsed with DDW and set aside to dry in a covered 
area. 
3.5.2.2. ACID DIGESTION OF LEAF MATERIAL 
Digestion of plant material in concentrated acid produces a single solution that may be 
used for the determination of a large range of elements, including Cu, Fe, Mn, Zn, Mo, Cd, 
Cr, Co, Ni and Pb (Jones Jr, 1991). Several digest methods are widely used: Oven-dried, 
ground ( <0.84rnrn) leaf tissue may be dry ashed (by heating at 500°C in a muffle furnace, 
and the resulting ash dissolved in concentrated acid) or wet ashed (digested) in various acid 
mixtures. Nitric acid I perchloric acid, nitric acid I hydrogen peroxide and sulphuric acid I 
hydrogen peroxide mixtures have all been recommended (Havlin & Soltanpour, 1980; 
Huang & Schulte, 1985 and Jones Jr, 1990). A simple hotplate digest in hot, concentrated 
nitric acid was selected (Table 3.12.), based upon the method of Zarcinas, Cartwright & 
Spouncer ( 1987). 
cone. (70%) HN03 
2% HN03 
Add 100ml cone. (70%) HN0 3 to 3500ml DDW and mix 
SJ Hotplate, S&J Juniper Ltd. Harlow 
Table 3.12. Reagents and equipment used for acid digestion of plant material. 
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Digest method: 
• Place 0.5000 g ground (0.84mm) oven-dry (80°C) soil into a 25ml pyrex beaker 
• Add I Oml c. HN03, swirl and leave at room temperature for two hours 
• Place on a hotplate and warm gently until boiling 
• Swirl occasionally and if frothing occurs, rinse the sides of the beaker with small 
quantities of2% HN03 until a stable simmer is reached 
• Cover each beaker with a watchglass 
• Continue to heat until approximately I ml of liquid remains 
• Remove from heat and allow to cool 
• Place 2.5ml lmgr1 indium & thallium solution into a 25ml volumetric flask 
• Rinse the digest solution into the volumetric flask with 5ml aliquots of2% HN03 
• Make up to volume with 2%HN03 and transfer to a plastic bottle 
• Analyze 
3.5.3. MYCORRHIZAE 
Identification of fungal tissues within roots relies upon preferential retention of 
histochemical stains by the chitinaceous fungi. The stained material may then be examined 
under a light microscope for the presence of mycorrhizal structures, including hyphae, 
vesicles and I or arbuscules. Normally, the symbiosis is not thought to have fully 
established unless secondary structures such as vesicles, arbuscules or spores are present, 
and careful microscopic examination reveals these in suitably stained tissues. To gauge the 
effectiveness of the symbiosis, counts are made of the proportion of a given root length in 
which mycorrhizal structures are present - with greater infection percentages held to 
represent greater fungal effectiveness. Fungi may be identified (to some degree) from their 
root infection patterns, but more accurately from examination of their microscopic spore 
morphology (Brundrett et al., 1996). 
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3.5.3.1. ROOT INFECTION ANALYSIS 
This process was performed in several stages. Firstly, selected root material was stained to 
highlight fungal structures. Subsamples of this material were mounted onto microscope 
slides and examined to confirm the presence of mycorrhizal structures. The degree of root 
colonization was then assessed in further subsamples. Required reagents are listed in 
Table 3.13. 
2.5% KOH 
Dissolve 2.5g KOH in one litre DDW 
2%HCI 
Add 108ml cone. (37%) HCI to 2 litres of DDW 
lactoglycerol 
Combine glycerol, lactic acid and DDW in equal volumes 
0.05% trypan blue 
Mix 0.5000g trypan blue with one litre lactoglycerol 
50% glycerol 
Mix 500ml glycerol with one litre DDW 
PVLG 
Mix 8.33g PVA (70,000- 100,000 AMW) with 50ml DDW, 50ml 85% lactic acid and 
5ml glycerol. Warm to 90°C on a hotplate and stir until PVA has dissolved 
Table 3.13. Reagents used for staining of fungal structures in plant roots and mounting 
prepared material on to glass microscope slides. 
Staining method (after Koske & Gemma, 1989): 
• Place a small sample ( -5g) of fine roots into a glass sample bottle 
• Cover roots with excess 2.5% KOH and heat in a water bath at 90°C for two hours 
(Panicum) or three hours (Pueraria) 
• Empty into a fine plastic sieve and rinse under running tap water 
• Return roots to the sample bottle and cover with 2% HCI at room temperature for two 
hours 
• Discard acid solution, cover roots with 0.05% trypan blue and heat in a water bath at 
90°C for one hour 
• Transfer roots to 50% glycerol for further treatment 
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Mounting prepared material on to microscope slides (Brundrett et al., 1996): 
• Place three or four small drops ofPVLG onto a microscope slide 
• Add four or five short (20mm) sections of stained root 
• Gently apply a coverslip and carefully press to open out the root structure 
• Leave slides for several days to allow the mounting medium to dry 
• Paint a ring of clear varnish around the edge of the coverslip to seal the slide for 
storage 
• Examine for mycorrhizal structures at a suitable magnification under a compound 
microscope 
Assessment of mycorrhizal infection (Giovanetti & Mosse, I 980): 
• Mark the bottom of a round petri dish with a grid of I cm squares Partially fill the dish 
with 50% glycerol and thoroughly disperse a small (-5g) sample of stained roots 
within it 
• Place under a binocular dissecting microscope and focus until root morphology is clear 
• Systematically move along the grid lines from left to right and right to left until the 
whole dish has been examined. At each point where a section of root intersects a 
vertical grid line, determine whether a mycorrhizal structure (hypha I vesicle I spore I 
arbuscule) is visible or not. Using two separate tally counters, record each root 
intersection of the grid as infected or uninfected 
• Repeat the count for intersections of the horizontal gridlines 
• Divide the figure for intersections by infected roots, by the total number of 
intersections to obtain a percentage for root colonization 
Re-disperse the roots and repeat the whole procedure twice more. (Based on the method of 
Giovannetti & Mosse, I 980). 
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3.5.3.2. SPORE EXTRACTION AND IDENTIFICATION 
Extraction of spores from soils is a simple procedure, relying upon the lower density of 
mycorrhizal spores (and other organic matter) compared to the mineral soil (the required 
solution is given in Table 3.14.). 
60% sucrose solution 
Dissolve 600g household sugar in one litre of distilled water by gentle heating and 
stirring on a hotplate 
Table 3.14. Solution used for extraction of mycorrhizal spores from soil samples 
Extraction method (after Brundrett et al., 1996): 
• Place approximately 50g of air-dry <2mm soil into a 500ml beaker and mix with tap 
water 
• Allow the suspension to settle for a few seconds and decant it into stacked 250J.1111 and 
45 J.lil1 sieves 
• Repeat the mixing and decanting process several more times 
• Gently rinse material through the sieves with tap water 
• Backwash material retained on the 45J.1111 sieve into a petri dish using a laboratory 
water bottle to minimize the volume of water required 
• Decant the resulting suspension into two 60ml centrifuge tubes 
• Using a plastic syringe, inject 60% sucrose solution beneath the spore suspension until 
the total volume reaches 50ml 
• In a balanced centrifuge, centrifuge the tubes at 3500rpm for five minutes, and allow 
the machine to stop without braking 
• Using the syringe, extract the layer of spores that has formed at the water I sucrose 
interface, and empty them into the 45 J.lil1 sieve 
• Gently wash the extracted spores under tap water before backwashing them into a petri 
dish for further treatment 
Following extraction, the spores may be moved by hand using very fine forceps under a 
dissecting microscope. Although many morphological features can be determined without 
further examination (for example, spores of Scutellospora and Gigaspora species develop 
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from bulbous subtending hyphae, while spores of Glomus form from narrow or flaring 
hyphae (Brundrett et al., 1996), identification to species level is difficult, and requires 
microscopic examination of crushed spores that have been mounted in both PVLG and 
Melzer's Reagent (Table 3.15.). Identification of mounted spores was performed by Or 
John Dodd (Plantworks UK, Sittingboume, Kent). 
PVLG 
(See Table 3.13) 
Melzer's Reagent 
Mix 1.5g iodine, Sg potassium iodide and 1 OOml distilled water with 1 OOml PVLG 
Table 3.15. Solutions used for mounting mycorrhlzal spores prior to microscopic 
examination and Identification. 
Slide preparation (Brundrett et al., 1996): 
• Place one drop of PYLG and one drop of Melzer's Reagent at separate ends of a 
microscope slide 
• Using very fine forceps, place one or more spores into each drop of mountant 
• Gently apply a coverslip to each drop and carefully press to break open the spore 
• Allow slides to dry over several days and then seal with varnish for storage 
• Examine prepared spores under a compound microscope 
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3.6. INSTRUMENTAL OPERATING PARAMETERS AND DATA QUALITY CONTROL 
3.6.1. CHN ANALYSIS 
Problems were encountered when using this instrument to examine the carbon and nitrogen 
contents of substrates with low organic contents, such as sandy tailings and naturally sandy 
soils. Inadequate nitrogen and carbon peak discrimination often led to overestimation of 
soil carbon content (Figure 3.21.). 
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Figure 3.21. Gas chromatogram of an experimental greenhouse soil. 
Indeed, in ultra-low carbon soils (such as the Jambu Series soil), instrumental output was 
similar for the sample and sample blank (Figure 3.22.). 
~ ~ '1 r< ~ 'T ~ ~ '1 . I I 'I 'T o 1 , 
I\ C H N C ! 11 
j 
. . 
' ' 
. 
' 
' 
. ' . 
' ' . ' . ' 
0 2 3 4 5 6 7 8 9 10 0 I ~ 3 4 5 6 7 8 9 10 
Run lime (rninulcs) Run time (minutes) 
Figure 3.22. Gas chromatogram of a sample blank (left) and low carbon soil (right). 
Given these difficulties, soil organic matter contents were instead estimated with the loss 
on ignition method. Although subject to certain errors (Section 3.5.1.3.), this was 
straightforward and rapid. For future, accurate determinations, techniques such as Kjeldahl 
digestion followed by distillation and titration might be more appropriate for quantification 
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of soil nitrogen, while oxidation and titration could be used to examine soil organic carbon 
contents (Anderson & Ingram, 1993). 
3.6.2. INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY (ICP-MS) 
ICP-MS instruments are able to determine levels of determinants on a linear range across 
several orders of magnitude, to accuracies approaching 2.5% of the true concentrations. 
The sample solution is pumped into a spray chamber, where it is converted to an aerosol in 
a stream of argon gas. A small proportion of this aerosol passes into the plasma, where 
extremely high temperatures (estimated at IO,OOOK) simultaneously vaporize, atomize and 
ionize it. Ions are extracted from the plasma through a skimmer cone and accelerated into 
the mass spectrometer, which determines the concentration of determinants present by the 
response at predetermined mass I charge ratios (Soltanpour et al., 1998). 
The instrument requires calibration before use, and this was performed by making up a 
multi-element stock standard from commercially available individual element standards 
(BDH, Poole). This was diluted to give calibration standards with a range of concentrations 
- usually from I ng ml" 1 to I OOOOng ml" 1 - in a logarithmic sequence. Since the sample 
matrix affects the degree of ionization in a given sample, standards were made up in 
solutions as similar to the sample matrices as possible. Thus, standards for plant and soil 
acid digests were made up in 2% HN03, while standards for Mehlich 3 soil extracts were 
made up in that extractant. Standards were introduced to the instrument in ascending order 
of concentration, and calibration curves automatically derived (Figure 3.23.). 
ICP-MS instruments are prone to drift during analytical runs, as plasma conditions change 
subtly, altering vaporization and ionization characteristics to produce non-spectroscopic 
interferences. To correct for this drift, internal standards are used. Every sample was 
spiked with an internal standard of indium and thallium at 100~-tg 1" 1• Having been 
programmed for these elements at this constant level, the instrument constantly monitors 
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and adjusts the determinant concentrations accordingly. Corrections for dilution of samples 
during spiking were accounted for in the calibration standards, which were spiked in the 
same way. 
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Figure 3.23. ICP-MS calibration curve for arsenic. 
10000 
Further (spectroscopic) interferences can occur during ionization of the sample, when 
polyatomic species may be generated which have similar masses to determinant elements 
(Table 3. 16.). 
Element 
Aluminium 
Sulphur 
Potassium 
Calcium 
Iron 
Arsenic 
Mass number Polyatomic mass equivalent 
Table 3.16. Examples of potential polyatomic interferences in ICP-MS 
(Soltanpour et al., 1998). 
To reduce the impact of these spectroscopic interferences, the instrument was programmed 
to detect isotopes of each element which are subject to fewest. The chosen isotopes are 
listed in Table 3. 17. 
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Element Mass no. Isotope mass Relative abundance (%) 
Vanadium 51 50.94440 99.76 
Chromium 52 51.9405 83.76 
Manganese 55 54.9381 100.00 
Cobalt 59 58.9332 100.00 
Nickel 60 59.9308 26.23 
Copper 65 64.9278 30.91 
Zinc 66 65.9260 27.81 
Arsenic 75 74.9216 100.00 
Molybdenum 95 94.9058 15.72 
Tin 120 119.9022 32.85 
Lanthanum 139 138.9064 99.911 
Cerium 140 139.9055 88.48 
Praseodymium 141 140.9077 100.00 
Neodymium 146 145.9132 17.22 
Lead 208 207.9767 52.3 
Uranium 238 238.0508 99.27 
Table 3.17. Elements determined by ICP-MS, together with their mass number, the isotopes 
selected and their relative abundance (Soltanpour et al., 1998). 
Analysis of plant and soil samples included many elements subject to these spectroscopic 
interferences, but calibrations for arsenic (Figure 3.23.) and aluminium were quite 
acceptable. However, levels of aluminium (particularly in plant digests) were often very 
high (>I 001-1g mr'), saturating the instrument to such an extent that concentrations were 
actually under-recorded. Given the importance of this element in tropical soils, its 
concentration was subsequently determined by lCP-AES, which is routinely used for soil 
analyses, experiencing fewer (but different) interferences for aluminium and other, lighter 
elements. Magnesium, phosphorus, sulphur, potassium, calcium and iron concentrations 
were also determined by !CP-AES. 
One further problem was encountered when using ICP-MS for analysis of Mehlich 3 
extracts: salt deposition in the torch injector tube was severe when using a standard bore 
Fassel torch, causing increasing signal drift during the course of each analytical run. To 
overcome this, a semi-demountable wide-bore torch was substituted. The injector tube of 
this torch does not vary in diameter from the point of aerosol entry to exit, removing the 
'bottleneck' effect of a standard torch and eliminating salt deposition. The different torches 
required different gas flow pressures for optimum operation (Table 3.18). 
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Instrument 
VG Elemental PlasmaQuad 3 Inductively Coupled Mass Spectrometer 
Thermo Electron 
Cheshire 
Common factors 
Peristaltic pump with 1 mm bore solution tubing, operated at 19.6ml m in '1 
Ebdon high-solids V-groove nebulizer 
Scott double-pass spray chamber cooled to 5 oc 
Forward power: 1450W 
For Mehlich 3 extracts 
Semi-demountable Fassel torch with a wide (-3mm) injector bore 
Typical gas flows: Coolant: 14.51 min'1 Nebulizer: 1.121 m in '1 Auxiliary: 0.801 m in ·1 
For all other solutions 
Standard Fassel torch (-1 mm injector bore) 
Typical gas flows: Coolant: 14.31 m in '1 Nebulizer: 0.761 min·1 Auxiliary: 0.751 min'1 
Lens voltages varied from day to day, but were always focussed to produce a response in 
excess of 2000000CPS for 100ppb lndium solution 
Sweep time for each of three replicates per solution: 10 seconds 
Table 3.18.1CP-MS operating parameters. 
3.6.3. INDUCTIVELY COUPLED ATOMIC EMISSION SPECTROMETRY 
The plasma generation and sample introduction mechanisms of ICP-AES are broadly 
similar to those of ICP-MS. However, rather than harvest and quantify ions generated by 
the plasma, the AES determines intensities of light generated by atoms excited within it. 
The wavelengths of these emissions are specific to particular elements and their ions, and 
the intensity of light is directly proportional to the level of determinant within a sample. 
Calibration of the instrument with an intensity I concentration curve enables determination 
of determinant levels across several orders of magnitude from ng ml' 1 upwards, although 
this varies from element to element, according to the intensity of emission. 
Standards for ICP-AES were made up in the same way as for ICP-MS, from ultra-pure 
single element standards (BDH, Poole) combined within a matrix as similar to that of the 
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sample as possible. Standards were introduced to the instrument in ascending order of 
concentration, and calibration curves automatically derived by the instrument (Figure 
3.24.). 
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Figure 3.24. ICP-AES calibration curve for sulphur emissions at A. 180.731 nm. 
12 
Internal standards were not used for ICP-AES analyses, but calibrations were checked 
throughout each analytical run by analyzing a calibration standard in place of a sample. If 
calibration drifted by more than I 0% from the known value, then the sample run was 
halted, the instrument re-calibrated and analysis resumed. 
Interferences are also experienced in emission spectroscopy, as emission wavelengths may 
overlap one another. Emissions for phosphorus were particularly troublesome to isolate, 
with the strongest peaks produced at 214.9l4nm. Unfortunately, this is close to a 
background peak, making it increasingly difficult to differentiate between background and 
target emission as phosphorus levels decrease (Figure 3.25). Although this was not 
problematic for soil or plant digests (with inherently greater levels of all elements), it 
proved insurmountable for Mehlich 3 soil extracts. The problem was solved by re-analysis 
of extracts containing < lmg r1 P by ICP-MS. 
185 
400.0 
0.000 
I 
N 
r 
E 
H 
s 
I 
T 
y 
214.895 
Chapter 3. Materials and Methods 
P 214.914 nm 
WAIJELEMGTH <nm) 
Figure 3.25. Background interference for phosphorus at A. 214.914nm. 
A second type of interference was experienced when analyzing potassium in samples with 
greater calcium levels (Figure 3.26.). When potassium levels dropped below, or calcium 
levels exceeded ~5mg r1, the instrument was unable to discriminate between the two 
emission peaks. Tbis only occurred in a minority of soil extract solutions, but was very 
frequent in plant digest solutions. 
K 766.490 M 
2000 
1..--\. Calcium 6 mg l ' I '-.....__ +Potassium 3mg I' 
' \ I \ 
I 
f'f 
T 
E 
H 
s 
I 
T 
'I 
I \ / "-....__....-----··....,_ 
---./ ~ 
400 .0 
766.434 766 .546 
UAVELEHGTfi (nm) 
Figure 3.26. Overlapping calcium and potassium peaks at A. 766.490nm. 
Using a different potassium emission wavelength (769.896nm) resolved the difficulty for 
plant digests, but for low-potassium (<5mg r1) soil extracts, flame emission spectrometry 
was used (Section 3.6.4.). 
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Instrument 
Varian Liberty 200 Atomic Emission Spectrometer 
Varian Australia Pty Ltd, Melbourne, Australia 
Common Factors 
Peristaltic pump with 1 mm bore solution tubing, operated at 20.0ml m in -1 
Power: 1250W 
Gas flows I pressure: Coolant: 15.01 min-1 Nebulizer: 150kPa Auxiliary: 1.501 m in -1 
Emission Detection Parameters 
Photomultiplier voltage: 650V 
Element AI ea Fe Mg p s K 
Wavelength (nm) 396.152 396.847 259.940 285.213 214.914 180.731 766.490 
Viewing Height (mm) 0 4 0 0 0 0 0 
Search window (nm) 0.080 0.080 0.040 0.040 0.080 0.020 0.048 
Scan window (nm) 0.120 0.120 0.060 0.060 0.120 0.030 0.120 
Replicates 3 3 3 3 3 3 3 
Filter position 7 7 6 6 1 1 7 
Order 1 1 2 2 3 4 1 
Integration time for each of three replicates per element: 2 seconds 
Table 3.19. ICP-AES operating parameters. 
3.6.4. FLAME ATOMIC EMISSION S PECTROMETER (F-AES) 
During normal operation, an atomic absorption spectrometer is calibrated to determine the 
absorption of specific wavelengths of light by elements atomized within an air-acetylene 
flame, the absorption being proportional to the level of determinant within the flame . 
However, the instrument may also be used in an emission mode, detecting emitted light of 
specific wavelengths. Although sensitive, the emission-concentration response is linear for 
only a narrow range of concentrations, up to - 5mg 1'1 (Figure 3.27.). Operating parameters 
are given in Table 3.20. 
187 
Chapter 3. Materials and Methods 
F-AES calibration curve for Potassium (766.5nm) 
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Figure 3.27. F-AES calibration curve for potassium emissions at A. 766.5nm. 
Instrument 
Varian SpectrAA 400 Plus Atomic Absorption Spectrometer 
Varian Australia Pty Ltd, Melbourne, Australia 
Operating Parameters 
6 
Flame: air-acetylene Wavelength (nm): 766.5 Sample introduction: manual 
Gas flows: air: 13.51 m in ·1 acetylene: 2.001 m in ·1 
Slit width (nm): 0.1 Slit height: normal 
Integration time for each of three replicates per solution: 2 seconds 
Table 3.20. F-AES operating parameters. 
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3.6.5. DATA QUALITY CONTROL 
Various checks and balances were incorporated into the analytical regime to produce 
reliable data, including reagent blanks, check standards, replicate analyses and certified 
reference materials. 
3.6.5.1. REAGENT BLANKS 
All analytical protocols generated reagent blanks in addition to samples. These provided a 
clear indication of background levels of determinant picked up during the analytical 
process, either from reagents used or laboratory equipment. Such blanks were analyzed 
alongside samples, allowing for their subsequent blank-subtraction. 
3.6.5.2. CHECK STANDARDS 
Calibration standards were introduced at regular intervals during each analytical run, to 
check for instrument drift over time. If the resulting data were not within ten percent of 
expected values, then the run was halted, the instrument re-calibrated (following any 
necessary adjustments) and the run re-commenced. 
3.6.5.3. REPLICATE ANALYSES 
Where possible, samples were processed in triplicate to provide a means of checking both 
sample and analytical consistency. In the case of plant digests (specifically, plants grown 
in experimental greenhouse soils) there was insufficient material to allow triplicate 
replication, and duplication was used instead. In all cases, analytical consistency was 
checked by triplication of reference materials, which were available in the required 
quantity. 
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3.6.5.4. CERTIFIED REFERENCE MATERIALS 
Certified reference materials were analyzed with every batch of samples, testing both 
extraction and analytical procedures. Reference materials had three distinct origins. For 
analysis of preliminary samples, a Canadian reference material was used: sandy soil S02 
(CANMET - Canadian Centre for Mineral and Energy Technology). This presented 
several drawbacks. It was certified only for complete analysis (digestion in hydrofluoric 
acid), and the aqua regia method did not produce comparable results. However, Berrow & 
Stein (1983) gave data for digestion of this material in an aqua regia reflux system, and 
these were indeed comparable to the semi- and fully quantitative analyses of the digest 
used (Appendix E). Unfortunately, soil S02 is not certified for elements extracted by either 
O.OlM CaCl2 or Mehlich 3. Indeed, some difficulty was encountered when seeking 
reference materials for these extraction procedures, but suitable material was eventually 
sourced through the WEPAL programme. WEPAL is co-ordinated by the University" of 
Wageningen (The Netherlands), and generates a range of reference materials which are 
analyzed by numerous laboratories within the programme to produce consensus (rather 
than certified) values for a wide range of extraction and digest procedures. Soil and plant 
reference materials were obtained which were as similar as possible to the test samples -
naturally sandy and clay soils, together with mango, maize and lucerne leaves. Data 
obtained from the analyses of these materials are presented in Appendix E, where they are 
compared with the consensus values. Generally, the agreement between expected and 
actual results was good. In the few instances where data differed, there was no consistent 
pattern of elevation or suppression, suggesting that there were no systematic errors in the 
analytical process. Given the high cost of these materials, an in-house reference material 
was used for many Mehlich 3 extractions. This consisted of sieved (<250!-lm) clay sourced 
from a Malaysian tin mine. Data for analyses of this material are also presented in 
190 
Chapter 3. Materials and Methods 
Appendix E, and were generally consistent, with a variation of about 10% across the 
element suite for I 7 samples. 
3.6.5.5. STATISTICAL ANALYSES 
To determine whether there were significant differences between various sets of data, the 
one-way ANOV A procedure was widely used. Thus, based upon the null hypothesis that 
the mean concentration of (for example) uranium in tailings was no different beneath 
Melastoma plants at Kampong Che Song than on uncolonized areas of that site, the two 
datasets (colonized vs site) were compared and a significant difference recorded if the 
probability of the null hypothesis being false was ~95% (p:::;0.05). One-way ANOV A was 
also used to compare concentrations of numerous trace elements in twelve soils (ten areas 
of sandy tailings and two natural soils), the software allowing simultaneous pair-wise 
comparisons of the twelve datasets for each determinant, to generate comparison matrices 
in which the difference (or not) of the means for each site could be tabulated against one 
another. Correlations between soil and plant chemistry were made with the same software 
using simple linear regression analyses (Analyse-it for Microsoft Excel (Leeds, UK. 
http://www.analyse-it.com)). 
In greenhouse trials the effects of clay, peat and mycorrhizal amendments on the growth of 
Panicum miliaceum and Pueraria phaseoloides in sandy tailings were tested by comparing 
(with one-way ANOV A) the dry weights of plants grown under each treatment with plants 
grown under the control treatment (unamended sandy tailings). However, for more 
sophisticated identification of the significance of each experimental factor (clay, peat and 
mycorrhizae) and their various interactions on the weights of Panicum and Pueraria, 
three-way ANOVA comparisons were required (using Genstat software (Rothamsted 
Experimental Station, Harpenden. http://nagres.newcomweb.demon.com)). 
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RESULTS AND DISCUSSION 
4.1. PRELIMINARY DATA ON SANDY TAILINGS FROM DENGKIL 
4.1.1. SURFACE TEMPERATURES 
Date Time Meteorological conditions n Mean so 
04.05.00 11.45 Sunny, with occasional clouds 5 34.08 0.3 
04.05.00 15.10 Sunny, with occasional clouds 5 37.90 0.3 
12.05.00 15.40 Sunny I cloudless 5 40.42 0.1 
16.05.00 11.00 Hazy I high cloud 5 34.60 0.3 
23.05.00 11.10 Clear I cloudless 5 37.83 0.5 
23.05.00 16.05 Clear I cloudless 5 42.34 0.4 
24.05.00 11.00 Cloudy with sunny intervals 5 37.52 0.3 
24.05.00 13.40 Cloudy with sunny intervals 5 38.44 0.3 
24.05.00 15.40 Cloudy, following light rain 5 29.03 0.2 
25.05.00 12.00 Sunny, high cloud 5 36.97 0.5 
25.05.00 14.00 Sunny, high cloud 5 38.54 0.5 
25.05.00 16.00 Sunny, high cloud 5 37.56 0.1 
Table 4. 1. Surface temperatures of sandy tailings at Dengkil (0 C) 
Temperatures did not reach the maximum of 49°C recorded by Mitchell ( 1959) on a 
similar substrate. They approached - but did not exceed - the phyto-lethal maximum of 
43.9°C (quoted by Ang, See! & Mullins (1999)). These relatively benign surface 
temperatures may be due to the presence of a water table at no greater than I. 78m depth. 
Ang & Ang (1997) noted that plant survival was severely reduced when grown in tailings 
with a water table at 2m or more. This was due to capillary rise, evaporative cooling and 
reduction in vapour pressure deficits on sandy tailings with more shallow water tables, and 
indicated that the surface temperatures at Dengkil should not prove a hindrance to plant 
establishment. 
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4.1.2. PARTICLE SIZE DISTRIBUTION AND GRAVIMETRIC WATER CONTENT 
The particle size distributions and water contents of 15cm horizons from two sandy tailings 
profiles are given in Figures 4.1. and 4.2. The deepest horizons correspond to tailings 
immediately above the water table, and might therefore be expected to retain the greatest 
quantity of water. The material was generally sandy, although there was some variation in 
the silt and clay-sized fractions. There does not appear to be a relationship between clay 
and water contents, which could indicate that the tailings had not yet reached equilibrium -
six weeks after deposition. 
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Figure 4.1. Gravimetric water contents and particle size distribution in a profile cut through 
fresh sandy tailings at Dengkil (100% particle size= 0% water). 
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Figure 4.2. Gravimetric water contents and particle size distribution in a profile cut through 
fresh sandy tailings at Dengkil (100% particle size= 0% water). 
These six week old tailings contained greater proportions of clay and silt-sized material 
than sandy tailings examined by other authors. One horizon in Subplot 41 comprised as 
little as 61% sand - very low when compared with figures of 91% (Wan Abdullah, Ghulam 
& Othman, 1992), 96% (HSS Integrated, 1994) and 99% (Ang & Ang, 1997). 
194 
Chapter 4. Results and Discussion 
4.1.3. TRACE ELEMENTS IN FRESH SANDY TAILINGS 
The acid extractable levels of aluminium and some trace elements in sandy tailings are 
presented in Tables 4.2. and 4.3. Aluminium levels might be expected to vary in 
accordance with levels of clay (kaolinite) in the tailings, but this was not the case. This 
may have been due to the sampling strategy, which collected different material for water I 
particle size and chemical determinations. Although all samples were harvested from 
within a one square metre surface area on each subplot, small (ea. 20cm) clay nodules were 
dispersed throughout the profile, and these will have had significant and highly localized 
effects on both chemical and physical properties of the material. 
Subplot 19 
Soil layer (cm) Aluminium Manganese Cobalt Nickel Copper Zinc 
(mg g·1) (11g g"1) (11g g"1) (11g g"1) (11g g"1) (11g g"1) 
0-15 17.6 89.2 0.88 3.88 2.91 27.6 
15-30 9.08 67.3 0.01 1.79 0.70 12.7 
30-45 7.16 48.3 0.08 0.93 0.58 9.83 
45-60 9.43 50.1 0.12 1.19 0.53 11.9 
60-75 22.0 58.1 0.51 4.17 1.30 20.6 
75-90 22.2 50.7 0.60 6.11 0.77 23.9 
90 -105 24.8 59.4 0.41 3.31 0.96 16.3 
105-120 12.1 46.7 0.02 1.62 0.93 12.0 
120-135 22.3 62.2 0.35 3.45 1.09 19.5 
Global soils 71.0 20-3000 1 -40 2-50 1-80 3-300 
Soil layer (cm) Arsenic Molybdenum Lanthanum Cerium Lead Uranium 
(11g g"1) (11g g"1) (11g g"1) (11g g"1) (11g g"1) (11g g"1) 
0-15 1.05 0.48 13.4 30.0 9.61 1.46 
15-30 0.41 0.13 9.85 20.6 6.38 1.15 
30-45 <0.01 0.08 7.69 16.2 12.9 2.07 
45-60 <0.01 0.09 6.38 13.6 6.70 1.08 
60-75 <0.01 0.31 10.2 22.1 9.39 1.12 
75-90 0.83 0.20 8.93 19.3 7.43 1.06 
90 -105 <0.01 0.40 9.86 21.3 8.69 1.18 
105-120 0.55 0.20 7.85 16.5 6.35 1.05 
120-135 0.26 0.26 11.9 25.5 9.55 1.29 
Global soils 0.1-20 0.2-5 40 50 0.1-200 0.01 - 1 
Table 4.2. Acid extractable elements (Aluminium: mg g"1, all others: 11g g"1) in a profile cut 
through fresh sandy tailings at Dengkil, compared with figures for levels in global soils 
(Markert, 1996). 
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Subplot41 
Soil layer (cm) Aluminium Manganese Cobalt Nickel Copper Zinc 
(mg g·1) (J.tg g"1) (J.tg g"1) (J.tg g"1) (J.tg g"1) (J.tg g"1) 
0-15 5.40 203 5.54 8.74 12.2 71.8 
15-30 2.30 109 3.98 8.47 8.19 36.1 
30-45 1.11 124 3.00 4.17 7.93 37.9 
45-60 3.01 90.7 2.34 4.84 8.19 37.8 
60-75 4.86 81.7 1.88 4.07 6.33 31.8 
75-90 5.36 71.0 1.80 3.76 5.88 33.7 
90 -105 5.82 56.5 1.91 7.38 6.75 43.8 
105-120 17.0 57.5 2.88 9.22 6.54 59.2 
120-135 13.8 49.7 3.84 11.1 6.41 74.6 
135 -150 15.7 55.2 3.95 13.7 7.99 95.2 
150-165 9.48 47.1 2.07 5.92 4.60 48.8 
165-180 6.46 55.3 0.74 3.64 2.90 40.8 
Global soils 71000 20-3000 1-40 2-50 1 -80 3-300 
Soil layer (cm) Arsenic Molybdenum Lanthanum Cerium Lead Uranium 
(J.tg g"1) (J.tg g"1) (J.tg g"1) (J.tg g"1) (J.tg g"1) (J.tg g"1) 
0-15 53.4 1.71 18.0 35.2 17.3 3.63 
15-30 25.9 0.96 6.20 11.7 9.39 2.09 
30-45 15.6 0.69 7.82 15.1 11.9 2.50 
45-60 12.6 0.49 6.69 13.1 9.97 1.95 
60-75 9.70 0.40 6.75 13.5 9.41 1.80 
75-90 9.33 0.27 6.44 12.9 8.77 1.94 
90-105 7.21 0.20 4.84 9.60 8.03 1.81 
105-120 6.58 0.21 6.10 12.7 8.52 1.65 
120-135 6.05 0.23 7.38 15.6 9.10 1.51 
135-150 20.8 0.36 11.3 24.7 10.6 1.79 
150-165 4.91 0.06 7.47 16.0 7.75 1.51 
165-180 1.45 0.06 6.59 13.8 6.85 1.61 
Global soils 0.1-20 0.2-5 40 50 0.1-200 0.01 -1 
Table 4.3. Acid extractable elements (Aluminium: mg g·\ all others: J.lg g"1) in a profile cut 
through fresh sandy tailings at Dengkil, compared with levels in global soils (Markert, 1996). 
Most elements were present at the lower end of the global distribution spectrum (Table 
4.4.), although care should be taken when comparing these datasets, as experimental 
methods may differ significantly from those used to obtain published data. The aqua-regia 
digest provides only a 'pseudo' total for elements, which does not equate to 'real' totals 
obtained by complete dissolution of the substrate. The 'real' totals for sandy tailings could 
be considerably greater than those obtained and presented here. 
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Manganese 
Dengkil 
Australia 
Austria 
New Zealand 
Poland 
Cobalt 
Dengkil 
Germany 
New Zealand 
Poland 
Romania 
Nickel 
Dengkil 
Austria 
Canada 
Poland 
Romania 
Copper 
Dengkil 
Australia 
Poland 
Romania 
Nigeria 
Zinc 
Dengkil 
Australia 
New Zealand 
Poland 
Romania 
Arsenic 
Dengkil 
Canada 
Japan 
Korea 
Thailand 
Range 
47-203 
900- 1000 
9-59 
1200-1900 
15- 1535 
0.01-5.54 
0.8-6 
21 -65 
0.1 - 12 
4-25 
0.93-13.66 
1 -1.5 
1.3-34 
1-52 
9-62 
0.53-12.15 
22-52 
1 -26 
3-34 
7-12 
10-95 
39-86 
14- 146 
5-220 
25-188 
<0.01- 53.4 
1.1-28.9 
1.2-6.8 
2.4-6.8 
Mean 
72 
1.76 
2 
14 
5.31 
8 
7 
33 
4.46 
8 
18 
9 
36 
42 
24 
61 
8.41 
5.8 
4.0 
4.6 
2.4 
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Molybdenum 
Dengkil 
Australia 
Canada 
New Zealand 
Poland 
Lanthanum 
Dengkil 
Bulgaria 
Czech Republic 
Sweden 
Germany 
Cerium 
Dengkil 
Australia 
Bulgaria 
Czech Republic 
Sweden 
Lead 
Dengkil 
Australia 
Romania 
Canada 
Madagascar 
Uranium 
Dengkil 
Canada 
Germany 
Italy 
Poland 
Range 
0.06- 1. 71 
2.6-3.7 
0.4-2.46 
1-2 
0.2-3 
5-18 
34.4-49.2 
10-35 
49.4-85.3 
6- 17 
5-41 
2.3-47.5 
1.05-3.63 
0.72-2.05 
0.42- 11.0 
1.5-8 
0.1-2.33 
Mean 
0.37 
1.5 
8 
40.2 
20.5 
34 
5.4 
18 
21 
63 
44 
56 
9 
57 
19 
10.4 
37 
1.68 
1.22 
3.17 
0.79 
Table 4.4. Total levels (J.Ig g"1) for some trace elements in sandy and podzolic soils from 
various countries. Mean figures are given where available, but may also represent a single 
datum point from that country (compiled by Kabata-Pendias & Pendias, 2001). 
Comparing data from Dengkil with other, naturally sandy soils (Table 4.4.) also reveals 
that levels are generally average for all elements except arsenic. To overcome the 
difficulties inherent in comparing data obtained with differing protocols, all subsequent 
analyses of tailings were paralleled by analyses of natural Malaysian soils, to provide 
directly comparable data. 
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4.2. TRACE ELEMENTS IN SANDY TINT AILINGS 
4.2.1. ACID-EXTRACTABLE ELEMENTS 
Levels of acid-extractable (aqua-regia) aluminium, iron and trace elements in sandy 
tailings and two natural soils are given in Table 4.5. (Source of samples is given in Table 
4.8.). 
Code Sample type Aluminium Iron Manganese Cobalt Nickel 
(mg g·1) (mg g·1) (J.lg g"1) (J.lg g·1) (J.lg g·1) 
H Sandy tailings 3.67 2.51 74.1 1.74 41.1 
I Sandy tailings 3.80 3.45 68.1 1.80 45.6 
J Sandy tailings 8.86 3.53 37.3 1.65 38.2 
K Sandy tailings 3.42 2.33 52.8 1.77 31.9 
L Sandy tailings 3.12 2.27 69.3 1.71 41.6 
M Sandy tailings 4.21 2.06 56.6 1.47 35.6 
N Sandy tailings 3.08 1.89 32.6 1.47 36.1 
0 Sandy tailings 1.50 1.91 24.8 1.59 37.8 
p Sandy tailings 2.90 1.69 17.6 1.25 29.5 
Q Sandy tailings 4.79 2.34 27.5 3.15 37.0 
w Sandy soil 0.17 1.97 11.2 1.63 39.7 
y Kaolisol 19.4 20.2 36.6 1.32 7.78 
Copper Zinc Arsenic Molybdenum Tin 
(J.lg g"1) (J.lg g"1) (J.lg g"1) (J.lg g"1) (J.lg g"1) 
H Sandy tailings 3.56 4.18 4.95 3.81 1.34 
I Sandy tailings 5.20 3.95 21.8 4.32 1.78 
J Sandy tailings 4.52 4.64 39.1 3.73 1.74 
K Sandy tailings 4.59 55.7 8.94 3.23 3.33 
L Sandy tailings 4.00 1.79 14.5 3.99 1.67 
M Sandy tailings 3.11 7.73 6.43 3.38 1.42 
N Sandy tailings 2.96 1.21 5.39 3.51 1.03 
0 Sandy tailings 3.33 1.07 12.1 3.75 0.97 
p Sandy tailings 2.61 7.00 <0.01 2.70 1.91 
Q Sandy tailings 4.24 6.74 5.94 3.43 2.77 
w Sandy soil 3.05 0.30 0.88 3.64 0.48 
y Kaolisol 5.85 16.55 58.4 1.87 3.07 
Table 4.5a. Concentrations of various elements in sandy tailings and natural soils, 
extracted by aqua-regia digest (Aluminium and Iron: mg g"\ all others: J.lg g"1). 
No clear pattern was immediately apparent, with concentrations of some elements (cobalt, 
copper, molybdenum) being similar across the range of materials. Aluminium and iron in 
the Rengam Series soil exceed those of all other samples. 
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Code Sample type Lanthanum Cerium Lead Uranium 
H Sandy tailings 5.27 11.2 5.92 1.62 
I Sandy tailings 5.87 12.6 4.16 1.91 
J Sandy tailings 6.16 12.5 5.15 1.90 
K Sandy tailings 10.0 22.5 7.09 4.30 
L Sandy tailings 12.7 27.9 9.01 3.63 
M Sandy tailings 12.8 28.8 8.37 3.25 
N Sandy tailings 6.87 14.8 2.49 1.74 
0 Sandy tailings 6.54 14.2 2.07 1.73 
p Sandy tailings 7.66 16.7 2.42 5.16 
Q Sandy tailings 7.29 16.3 3.16 4.89 
w Sandy soil 0.14 0.06 0.32 0.09 
y Kaolisol 4.60 8.85 6.96 0.35 
Table 4.5b. Concentrations of various elements in sandy tailings and natural soils, 
extracted by aqua-regia digest (f.lg g"1). 
Arsenic, lanthanum, cerium, lead and uranium were present at consistently higher levels in 
sandy tailings when compared with the sandy soil, but the lowland kaolisol contained 
greater quantities of arsenic and similar levels of lead, making it impossible to draw broad-
ranging conclusions about the trace element status of sandy tailings. 
Code Sample type Magnesium Phosphorus Potassium Calcium 
H Sandy tailings 23.1 <0.01 184 <0.01 
I Sandy tailings 48.8 <0.01 371 23.5 
J Sandy tailings 116 <0.01 502 46.8 
K Sandy tailings 539 <0.01 948 472 
L Sandy tailings 15.4 <0.01 133 7.76 
M Sandy tailings 19.1 <0.01 420 12.1 
N Sandy tailings 17.9 <0.01 152 5.87 
0 Sandy tailings 13.5 <0.01 130 7.24 
p Sandy tailings 40.9 <0.01 506 108 
Q Sandy tailings 60.4 <0.01 749 243 
w Sandy soil 21.8 <0.01 31.0 24.3 
y Kaolisol 175 43.7 809 186 
Table 4.6. Concentrations of various macro-nutrient elements in sandy tailings and natural 
soils, extracted by aqua-regia digest (f.lg g"1). 
Examination of some macro-nutrient elements in the same samples revealed similar 
inconsistency - although phosphorus was poorly represented in all but the kaolisol (Table 
4.6.). Potassium was generally more concentrated in sandy tailings than the sandy soil, 
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which may reflect the presence of mica and other phyllo-silicates in the mined alluvium, 
absent from the sandy soil (which has marine origins). Proximity of commercial alluvium 
at Kampar (Code K) to dolomitized limestone bedrock would explain the particularly 
elevated magnesium and calcium levels of this sample. 
Code Sample type Aluminium .Iron Manganese Cobalt Nickel 
(mg g·1) (mg g·1) (llg g·1) (llg g·1) (1-!g g·1) 
R Sandy slimes 13.4 2.28 88.4 1.48 15.3 
T Overburden 26.6 3.05 69.0 1.64 16.6 
s Slimes 54.2 3.95 35.4 1.90 10.5 
u Slimes 73.4 8.15 27.0 2.61 11.5 
w Sandy soil 0.17 1.97 11.2 1.63 39.7 
y Kaolisol 19.4 20.2 36.6 1.32 7.78 
Copper Zinc Arsenic Molybdenum Tin 
(1-!g g·1) (llg g·1) (llg g"1) (1-!g g·1) (llg g·1) 
R Sandy slimes 3.28 10.1 19.0 1.93 2.91 
T Overburden 3.30 10.0 23.2 2.21 4.00 
s Slimes 8.63 26.5 0.65 0.53 7.64 
u Slimes 11.6 34.5 6.31 1.88 8.35 
w Sandy soil 3.05 0.30 0.88 3.64 0.48 
y Kaolisol 5.85 16.6 58.4 1.87 3.07 
Lanthanum Cerium Lead Uranium 
(llg g"1) (llg g·1) (llg g·1) (llg g"1) 
R Sandy slimes 10.2 22.0 8.12 1.81 
T Overburden 8.24 16.8 7.01 1.55 
s Slimes 18.5 46.4 36.3 4.50 
u Slimes 28.1 89.8 38.4 10.2 
w Sandy soil 0.14 0.06 0.32 0.09 
y Kaolisol 4.60 8.85 6.96 0.35 
Magnesium Phosphorus Potassium Calcium 
(llg g·1) (1-!g g·1) (llg g·1) (llg g·1) 
R Sandy slimes 106 <0.01 405 13.0 
T Overburden 129 <0.01 541 21.3 
s Slimes 376 80.5 1420 <0.01 
u Slimes 1230 143 2630 309 
w Sandy soil 21.8 <0.01 31.0 24.3 
y Kaolisol 175 43.7 809 186 
Table 4.7. Concentrations of various elements in other mine waste materials and natural 
soils, extracted by aqua-regia digest (Aluminium and Iron: mg g·1, all others: 1-1g g"1). 
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Examination of other types of mine waste also revealed elevated lanthanum, cerium, lead 
and uranium concentrations compared with Malaysian soils (Table 4.7.). This was 
particularly apparent in the two areas of slimes, which not only retained greater quantities 
of aluminium, tin and copper, but also phosphorus, magnesium and potassium. That plant 
colonization of such substrates is more swift than on sandy tailings has been commented 
upon by a number of authors (including Mitchell, 1957 and Palaniappan, 1974), and it 
seems that their increased fertility and water status is sufficient to overcome their 
additional trace element burden. Effects of slime (and peat) addition upon plant growth and 
chemistry on sandy tailings is explored in Section 4.4. 
Code Sampling location 
H Dengkil 
I Batang Berjuntai 
J Batang Berjuntai 
K Kampar 
L Tanjong Tualang 
M Tanjong Tualang 
N Kg Che Song 
0 Kg Che Song 
p Teronoh 
Q Teronoh 
R Dengkil 
s Dengkil 
T Dengkil 
u Batang Berjuntai 
w Rudua Series 
y Rengam Series 
Sample type 
Sandy tailings 
Sandy tailings 
Sandy tailings 
Sandy tailings 
Sandy tailings 
Sandy tailings 
Sandy tailings 
Sandy tailings 
Sandy tailings 
Sandy tailings 
Sandy slimes 
Slimes 
Overburden 
Slimes 
Sandy soil 
Kaolisol 
Table 4.8. Locations of samples quoted in Tables 4.5. to 4.7. 
4.2.2. MEHLICH 3 EXTRACTABLE ELEMENTS IN SANDY TAJLINGS 
The Mehlich 3 extractable levels of aluminium, iron and a range of trace elements in sandy 
tailings are presented in Tables 4.9. to 4.34. Thirty separate surface samples were collected 
and analyzed from each site, providing an estimation of variability within and comparisons 
between sites. Discussion follows the sequence of tables. 
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Aluminium 
Code Sampling Location Sample type M in Max n Mean SD 
H Dengkil Sandy tailings 97.5 386 30 203 64.9 
I Batang Berjuntai Sandy tailings 52.4 245 30 111 46.9 
J Batang Berjuntai Sandy tailings 98.3 540 30 241 111 
K Kampar Sandy tailings 91.4 199 30 156 23.6 
L Tanjong Tualang Sandy tailings 90.3 347 30 225 70.9 
M Tanjong Tualang Sandy tailings 176 471 30 274 68.4 
N Kampong Che Song Sandy tailings 123 575 30 322 119 
0 Kampong Che Song Sandy tailings 82.4 319 30 140 51.4 
p Teronoh Sandy tailings 51 .2 696 30 214 129 
Q Teronoh Sandy tailings 75.7 507 30 211 101 
w Jambu Bongkok Sandy soil 38.7 157 30 71 .5 26.5 
y Kuala Lumpur Kaolisol 223 1020 30 754 183 
Table 4.9. Mehlich 3 extractable aluminium in ten different areas of sandy tailings and two 
natural soils (J.lg g'1) (SD: Standard Deviation). 
H J K L M N 0 p Q w y 
H " NS NS NS " " NS NS " • 
• NS • • NS • • NS 
J NS NS • • NS NS 
K • * NS • NS 
L NS • NS NS • • 
M NS • • 
N • • • • • 
0 • • 
p NS • • 
Q 
w • 
y 
Table 4.10. Contrasts between all datasets. 
Significant (*) or non-significant (NS) at P .:50.05 . 
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Iron 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 20.4 112 30 40.5 17.1 
I Batang Berjuntai Sandy tailings 12.0 120 30 31 .7 22.1 
J Batang Berjuntai Sandy tailings 17.5 174 30 67.5 35.1 
K Kampar Sandy tailings 8.54 30.0 30 16.5 4.32 
L Tanjong Tualang Sandy tailings 2.46 6.94 30 4 .61 1.30 
M Tanjong Tualang Sandy tailings 1.90 43.1 30 6.18 7.62 
N Kampong Che Song Sandy tailings 5.24 28.4 30 17.9 6.71 
0 Kampong Che Song Sandy tailings 7.29 19.5 30 10.1 2.77 
p Teronoh Sandy tailings 10.1 252 30 54.2 50.5 
Q Teronoh Sandy tailings 10.6 82.5 30 32.6 15.3 
w Jambu Bongkok Sandy soil 24.1 72.7 30 42.4 12.2 
y Kuala Lumpur Kaolisol 12.0 222 30 69.2 54.4 
Table 4.11 . Mehlich 3 extractable iron in ten different areas of sandy tailings and two natural 
soils (J.Lg g"1) (SO: Standard Deviation). 
H I J K L M N 0 p Q w y 
H NS * * * * • NS NS NS * 
I * NS • • NS * * NS NS • 
J • * • • NS • • NS 
K NS NS NS NS • NS • * 
L NS NS NS • * 
M NS NS • * • 
N NS • NS * 
0 • * • 
p NS NS 
Q NS * 
w 
y 
Table 4.12. Contrasts between all datasets. 
Significant (*) or non-significant (NS) at P :::;0.05 . 
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Manganese 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.06 0.64 30 0.32 0.15 
I Batang Berjuntai Sandy tailings 0.01 0.62 30 0.15 0.16 
J Batang Berjuntai Sandy tailings <0.01 0.85 30 0.20 0.18 
K Kampar Sandy tailings 0.15 0.45 30 0.27 0.07 
L Tanjong Tualang Sandy tailings <0.01 <0.01 30 <0.01 <0.01 
M Tanjong Tualang Sandy tailings <0.01 0.20 30 0.02 0.04 
N Kampong Che Song Sandy tailings 0.04 0.36 30 0.10 0.07 
0 Kampong Che Song Sandy tailings 0.01 0.14 30 0 .04 0.03 
p Teronoh Sandy tailings 0.22 12.2 30 1.43 2.09 
Q Teronoh Sandy tailings 0.32 13.4 30 2.73 2.75 
w Jambu Bangkok Sandy soil 0.12 1.64 30 0.53 0.34 
y Kuala Lumpur Kaolisol 0.12 11 .9 30 1.95 2.78 
Table 4.13. Mehlich 3 extractable manganese in ten different areas of sandy tailings and two 
natural soils (~g g"1) (SO: Standard Deviation). 
H J K L M N 0 p Q w y 
H NS NS NS NS NS NS NS * • NS 
NS NS NS NS NS NS • NS • 
J NS NS NS NS NS • • NS • 
K NS NS NS NS • • NS • 
L NS NS NS NS 
M NS NS • NS • 
N NS • * NS • 
0 * NS • 
p NS NS 
Q • NS 
w * 
y 
Table 4.14. Contrasts between all datasets. 
Significant(*) or non-significant (NS) at P .::;0.05 . 
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Cobalt 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.02 0.32 30 0.12 0.08 
I Batang Berjuntai Sandy tailings 0.04 0.14 30 0.09 0.02 
J Batang Berjuntai Sandy tailings 0.01 0.26 30 0.12 0.07 
K K.ampar Sandy tailings 0.19 0.60 30 0.31 0.11 
L Tanjong Tualang Sandy tailings <0.01 <0.01 30 <0.01 <0.01 
M Tanjong Tualang Sandy tailings <0.01 0.02 30 0.01 <0.01 
N K.ampong Che Song Sandy tailings <0.01 0.02 30 <0.01 <0.01 
0 K.ampong Che Song Sandy tailings <0.01 0.02 30 0.01 <0.01 
p Teronoh Sandy tailings 0.07 1.38 30 0.16 0.23 
Q Teronoh Sandy tailings 0.07 0.38 30 0.18 0.09 
w Jambu Bongkok Sandy soil 0.01 0.03 30 0.02 0.01 
y Kuala Lumpur Kaolisol <0.01 0.06 30 0.01 0.01 
Table 4.15. Mehlich 3 extractable cobalt in ten different areas of sandy tailings and two 
natural soils (llg g"1) (SO: Standard Deviation). 
H J K L M N 0 p Q w y 
H NS NS * NS * * * 
NS * * * * * * * * 
J * * NS * * * 
K * * * * * * * 
L NS NS NS * NS NS 
M NS NS * * NS NS 
N NS * NS NS 
0 * * NS NS 
p NS * 
Q * * 
w NS 
y 
Table 4.16. Contrasts between all datasets. 
Significant(*) or non-significant (NS) at P~0.05. 
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Nickel 
Code Sampling Location Sample type M in Max n Mean SD 
H Oengkil Sandy tailings 0.01 0.57 30 0.20 0.14 
Batang Berjuntai Sandy tailings <0.01 0.67 30 0.28 0.19 
J Batang Berjuntai Sandy tailings <0.01 1.73 30 0.82 0.46 
K Kampar Sandy tailings 0.27 0.76 30 0.44 0.13 
L Tanjong Tualang Sandy tailings <0.01 0.03 30 0.01 0.01 
M Tanjong Tualang Sandy tailings <0.01 0.04 30 0.02 0.01 
N Kampong Che Song Sandy tailings <0.01 0.19 30 0.01 0.03 
0 Kampong Che Song Sandy tailings <0.01 0.18 30 0.02 0.04 
p Teronoh Sandy tailings 0.05 1.32 30 0.20 0.22 
Q Teronoh Sandy tailings 0.07 0.42 30 0.22 0.09 
w Jambu Bangkok Sandy soil <0.01 1.10 30 0.24 0.23 
y Kuala Lumpur Kaolisol <0.01 0.11 30 0.04 0.03 
Table 4.17. Mehlich 3 extractable nickel in ten different areas of sandy tailings and two 
natural soils (J.tg g"1) (SO: Standard Deviation). 
H J K L M N 0 p Q w y 
H NS • • • • • NS NS NS 
I • • NS NS NS • 
J • • • • • • • 
K • • • * 
L NS NS NS • • • NS 
M NS NS • • • NS 
N NS * NS 
0 • * NS 
p NS NS • 
Q NS • 
w • 
y 
Table 4.18. Contrasts between all datasets. 
Significant(*) or non-significant (NS) at P .:50.05. 
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Copper 
Code Sampling Location Sample type M in Max n Mean SD 
H Dengkil Sandy tailings 0.03 0.72 30 0.23 0.14 
Batang Be~untai Sandy tailings <0.01 0.15 30 0.05 0.05 
J Batang Berjuntai Sandy tailings <0.01 0.40 30 0.19 0.13 
K Kampar Sandy tailings 0.78 2.42 30 1.10 0.33 
L Tanjong Tualang Sandy tailings 0.02 0.28 30 0.09 0.06 
M Tanjong Tualang Sandy tailings 0.10 0.27 30 0.17 0.04 
N Kampong Che Song Sandy tailings 0.03 0.39 30 0.08 0.07 
0 Kampong Che Song Sandy tailings 0.01 0.07 30 0 .03 0.02 
p Teronoh Sandy tailings 0.15 4.17 30 0 .74 0.73 
Q Teronoh Sandy tailings 0.31 1.09 30 0.61 0.20 
w Jambu Bangkok Sandy soil <0.01 0.32 30 0.04 0.06 
y Kuala Lumpur Kaolisol 0.02 0.28 30 0.14 0.07 
Table 4.19. Mehlich 3 extractable copper in ten different areas of sandy tailings and two 
natural soils (J..Lg g"1) (SO: Standard Deviation). 
H I J K L M N 0 p Q w y 
H NS NS NS NS NS NS NS NS NS NS NS 
I NS NS NS NS NS NS NS NS NS NS 
J NS NS NS NS NS NS NS NS NS 
K NS NS NS NS NS NS NS NS 
L NS NS NS NS NS NS NS 
M NS NS NS NS NS NS 
N NS NS NS NS NS 
0 NS NS NS NS 
p NS NS NS 
Q NS NS 
w NS 
y 
Table 4.20. Contrasts between all datasets. 
Significant(*) or non-significant (NS) at P5 0.05. 
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Zinc 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.13 2.98 30 1.22 0.79 
I Batang Berjuntai Sandy tailings 0.04 0.27 30 0.11 0.06 
J Batang Berjuntai Sandy tailings <0.01 0.44 30 0.05 0.11 
K Kampar Sandy tailings 3.11 10.8 30 5.06 1.88 
L Tanjong Tualang Sandy tailings <0.01 <0.01 30 <0.01 <0.01 
M Tanjong Tualang Sandy tailings 0.04 0.18 30 0.07 0.03 
N Kampong Che Song Sandy tailings 0.06 0.41 30 0.14 0.08 
0 Kampong Che Song Sandy tailings 0.02 0.15 30 0.06 0.03 
p Teronoh Sandy tailings 0.76 10.7 30 2.31 1.73 
Q Teronoh Sandy tailings 1.37 3.96 30 2.30 0.63 
w Jambu Bangkok Sandy soil 0.05 0.41 30 0.24 0.08 
y Kuala Lumpur Kaolisol 0.14 1.87 30 0.74 0.42 
Table 4.21 . Mehlich 3 extractable zinc in ten different areas of sandy tailings and two natural 
soils (!19 g'1) (SO: Standard Deviation). 
H J K L M N 0 p Q w y 
H * * * * * * * NS NS 
I NS NS NS NS NS * * NS NS 
J * NS NS NS NS * NS NS 
K * * * * * * 
L NS NS NS * NS NS 
M NS NS * * NS NS 
N NS * NS NS 
0 * * NS NS 
p NS * * 
Q * * 
w NS 
y 
Table 4.22. Contrasts between all datasets. 
Significant(*) or non-significant (NS) at P~O.OS. 
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Arsenic 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.04 0.33 30 0.14 0.07 
Batang Berjuntai Sandy tailings <0.01 0.50 30 0.15 0.12 
J Batang Berjuntai Sandy tailings <0.01 0.62 30 0.25 0.17 
K Kampar Sandy tailings 0.26 1.03 30 0.40 0.16 
L Tanjong Tualang Sandy tailings 0.01 0 .04 30 0.02 0.01 
M Tanjong Tualang Sandy tailings 0.02 0.08 30 0.03 0.01 
N Kampong Che Song Sandy tailings 0.02 0.19 30 0.05 0.04 
0 Kampong Che Song Sandy tailings 0.02 0 .24 30 0.04 0.04 
p Teronoh Sandy tailings 0.05 1.36 30 0.26 0.24 
Q Teronoh Sandy tailings 0.09 0.63 30 0.24 0.11 
w Jambu Bangkok Sandy soil 0.01 0.43 30 0.04 0.08 
y Kuala Lumpur Kaolisol 0.07 0.21 30 0.12 0.03 
Table 4.23. Mehlich 3 extractable arsenic in ten different areas of sandy tailings and two 
natural soils (J.Ig g·1) (SO: Standard Deviation). 
H J K L M N 0 p Q w y 
H NS • • • • • • • • • NS 
I • • • • • NS 
J • • • • • NS NS • 
K • • • • • 
L NS NS NS • • NS • 
M NS NS • • NS • 
N NS • • NS • 
0 * • NS • 
p NS • • 
Q * • 
w • 
y 
Table 4.24. Contrasts between all datasets. 
Significant(*) or non-significant (NS) at P ~0.05. 
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Molybdenum 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings <0.01 <0.01 30 <0.01 <0.01 
I Batang Be~untai Sandy tailings <0.01 <0.01 30 <0.01 <0.01 
J Batang Berjuntai Sandy tailings <0.01 <0.01 30 <0.01 <0.01 
K Kampar Sandy tailings <0.01 0.03 30 0.01 0.01 
L Tanjong Tualang Sandy tailings <0.01 <0.01 30 <0.01 <0.01 
M Tanjong Tualang Sandy tailings <0.01 <0.01 30 <0.01 <0.01 
N Kampong Che Song Sandy tailings <0.01 0.02 30 <0.01 <0.01 
0 Kampong Che Song Sandy tailings <0.01 <0.01 30 <0.01 <0.01 
p Teronoh Sandy tailings <0.01 <0.01 30 <0.01 <0.01 
Q Teronoh Sandy tailings <0.01 <0.01 30 <0.01 <0.01 
w Jambu Bongkok Sandy soil <0.01 <0.01 30 <0.01 <0.01 
y Kuala Lumpur Kaolisol <0.01 <0.01 30 <0.01 <0.01 
Table 4.25. Mehlich 3 extractable molybdenum in ten different areas of sandy tailings and 
two natural soils (f.lg g"1) (SO: Standard Deviation). 
H I J K L M N 0 p Q w y 
H NS NS • NS NS NS NS NS NS NS NS 
I NS NS NS NS NS NS NS NS NS 
J • NS NS NS NS NS NS NS NS 
K • • • • • • • • 
L NS NS NS NS NS NS NS 
M NS NS NS NS NS NS 
N NS NS NS NS NS 
0 NS NS NS NS 
p NS NS NS 
Q NS NS 
w NS 
y 
Table 4.26. Contrasts between all datasets. 
Significant(*) or non-significant (NS) at P~O.OS. 
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Tin 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.01 0.10 30 0.04 0.02 
Batang Berjuntai Sandy tailings 0.03 0.11 30 0.05 0.03 
J Batang Berjuntai Sandy tailings 0.04 0.15 30 0.10 0.03 
K Kampar Sandy tailings 0.13 0.26 30 0.17 0.03 
L Tanjong Tualang Sandy tailings 0.02 0.04 30 0.03 0.01 
M Tanjong Tualang Sandy tailings 0.02 0.06 30 0.03 0.01 
N Kampong Che Song Sandy tailings 0.02 0.11 30 0.04 0.02 
0 Kampong Che Song Sandy tailings 0.01 0.03 30 0.01 0.01 
p Teronoh Sandy tailings 0.04 0.55 30 0.16 0.11 
Q Teronoh Sandy tailings 0.06 0.36 30 0.17 0.09 
w Jambu Bongkok Sandy soil <0.01 0.01 30 0.01 <0.01 
y Kuala Lumpur Kaolisol <0.01 0.07 30 0.02 0.01 
Table 4.27. Mehlich 3 extractable tin in ten different areas of sandy tailings and two natural 
soils (J..Ig g"1) (SO: Standard Deviation). 
H J K L M N 0 p Q w y 
H NS * • NS NS NS * * * • • 
I * * * NS NS * 
J • • • * * * * * 
K • • * NS NS * 
L NS NS NS • • NS NS 
M NS NS • NS 
N * * * NS 
0 • NS NS 
p NS * * 
Q * 
w NS 
y 
Table 4.28. Contrasts between all datasets. 
Significant(*) or non-significant (NS) at P .s0.05. 
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Lanthanides 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings <0.01 0.76 30 0.06 0.15 
Batang Berjuntai Sandy tailings 0.15 1.29 30 0.46 0.25 
J Batang Berjuntai Sandy tailings 0.23 2.34 30 0.82 0.54 
K Kampar Sandy tailings 0.01 0.12 30 0.06 0.03 
L Tanjong Tualang Sandy tailings 0.03 0.27 30 0.11 0.06 
M Tanjong Tualang Sandy tailings <0.01 0.11 30 0.01 0.02 
N Kampong Che Song Sandy tailings 0.33 6.45 30 2.43 1.37 
0 Kampong Che Song Sandy tailings <0.01 1.19 30 0.14 0.24 
p Teronoh Sandy tailings <0.01 0.70 30 0.07 0.13 
Q Teronoh Sandy tailings <0.01 2.14 30 0.11 0.39 
w Jambu Bongkok Sandy soil 0.02 1.49 30 1.01 0.48 
y Kuala Lumpur Kaolisol <0.01 1.99 30 0.19 0.46 
Table 4.29. Mehlich 3 extractable lanthanides (I lanthanum, cerium, praseodymium and 
neodymium) in ten different areas of sandy tailings and two natural soils (Jlg g"1) (SO: 
Standard Deviation). 
H J K L M N 0 p Q w y 
H • • NS NS NS • NS NS NS • NS 
NS NS • • NS • NS • NS 
J • • * * * NS * 
K NS NS * NS NS NS NS 
L NS • NS NS NS * NS 
M * NS NS NS • NS 
N * * • * * 
0 NS NS • NS 
p NS * NS 
Q • NS 
w • 
y 
Table 4.30. Contrasts between all datasets. 
Significant(*) or non-significant (NS) at P.:50 .05. 
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Lead 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 1.34 4.76 30 2.50 0.81 
Batang Berjuntai Sandy tailings 0.22 1.92 30 0.88 0.43 
J Batang Berjuntai Sandy tailings 0.13 1.56 30 0.57 0.31 
K Kampar Sandy tailings 1.92 6.59 30 3.21 1.14 
L Tanjong Tualang Sandy tailings 1.12 4.83 30 2.88 1.11 
M Tanjong Tualang Sandy tailings 2.41 10.7 30 4.36 1.70 
N Kampong Che Song Sandy tailings 0.29 2.94 30 0.92 0.61 
0 Kampong Che Song Sandy tailings 0.23 0.78 30 0.36 0.12 
p Teronoh Sandy tailings 0.21 2.68 30 0.62 0.49 
Q Teronoh Sandy tailings 0.18 0.87 30 0.41 0.15 
w Jambu Bangkok Sandy soil 0.11 0.28 30 0.17 0.04 
y Kuala Lumpur Kaolisol 0.25 1.40 30 0.82 0.28 
Table 4.31 . Mehlich 3 extractable lead in ten different areas of sandy tailings and two natural 
soils (~g g"1) (SO: Standard Deviation). 
H J K L M N 0 p Q w y 
H • NS NS • • • • • 
NS • • • NS NS NS NS NS NS 
J • • NS NS NS NS NS NS 
K NS * * 
L * * * * * * 
M * * * * * * 
N NS NS NS NS NS 
0 NS NS NS NS 
p NS NS NS 
Q NS NS 
w NS 
y 
Table 4.32. Contrasts between all datasets. 
Significant (*) or non-significant (NS) at P ~0 .05. 
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Uranium 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.10 0.95 30 0.31 0.16 
Batang Berjuntai Sandy tailings 0.04 0.13 30 0.08 0.03 
J Batang Berjuntai Sandy tailings 0.05 0.48 30 0.17 0.09 
K Kampar Sandy tailings 0.95 5.94 30 2.09 1.1 2 
L Tanjong Tualang Sandy tailings 0.13 1.17 30 0.26 0.21 
M Tanjong Tualang Sandy tailings 0.15 0.56 30 0.28 0.07 
N Kampong Che Song Sandy tailings 0.04 0.50 30 0.16 0.10 
0 Kampong Che Song Sandy tailings 0.04 0.25 30 0.10 0.05 
p Teronoh Sandy tailings 0.38 2.54 30 1.00 0.51 
Q Teronoh Sandy tailings 0.40 2.18 30 0.77 0.37 
w Jambu Bongkok Sandy soil <0.01 <0.01 30 <0.01 <0.01 
y Kuala Lumpur Kaolisol <0.01 0.01 30 0.01 <0.01 
Table 4.33. Mehlich 3 extractable uranium in ten different areas of sandy tailings and two 
natural soils (~g g"1) (SO: Standard Deviation). 
H J K L M N 0 p Q X y 
H NS * NS NS NS * • 
NS • NS NS * * NS NS 
J NS NS NS NS • • • NS 
K * • * • • * 
L NS NS NS * • * 
M NS * * * * 
N NS • • * NS 
0 * * NS NS 
p * • * 
Q • • 
X NS 
y 
Table 4.34. Contrasts between all datasets. 
Significant(*) or non-significant (NS) at P :s;O.OS. 
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Concentrations of aluminium, iron and some trace elements were determined in Mehlich 3 
extracts made from thirty surface samples collected from each of ten different areas of 
sandy tailings. These were compared (Tables 4.9. to 4.34.) with one another and with two 
areas of natural soil - one sandy, and one kaolinitic. The results are discussed below: 
• Aluminium. All extractable aluminium levels were lower in tailings than the 
kaolisol, but greater than the sandy soil. This reflects a general trend for more 
clayey soils to contain increased concentrations of extractable aluminium (Table 
4.35.), although the relationship was not perfect (R2 = 0.41). 
Code Sampling Location Sample type Aluminium Clay 
H Dengkil Sandy tailings 203 7.15 
Batang Berjuntai Sandy tailings 111 0.07 
J Batang Berjuntai Sandy tailings 241 8.31 
K Kampar Sandy tailings 156 6.99 
L Tanjong Tualang Sandy tailings 225 0.08 
M Tanjong Tualang Sandy tailings 274 7.09 
N Kampong Che Song Sandy tailings 322 6.23 
0 Kampong Che Song Sandy tailings 140 <0.01 
p Teronoh Sandy tailings 214 4.50 
Q Teronoh Sandy tailings 211 5.96 
w Jambu Bangkok Sandy soil 71.5 <0.01 
y Kuala Lumpur Kaolisol 754 11.2 
Table 4.35. Mehlich 3 extractable aluminium in ten different areas of sandy tailings and two 
natural soils (f.!g g·\ together with clay contents (%). 
The two sampling areas at Batang Beijuntai (I & J) were separated by 
approximately I km, with the second located alongside a slime retention pond. 
Levels of kaolinite (and thus aluminium) would be expected to be higher in the 
sandy tailings under these circumstances, and is demonstrated above (Table 4.35). 
However, data from other 'paired' sites was less straightforward to interpret. At 
Kampong Che Song, area 0 comprised material that had eroded from a quarry face 
cut into sandy tailings (Plate 3.14.), equivalent to areas M and Q at Tanjong 
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Tualang and Teronoh (Plates 3.4. and 3.15. respectively). The tailings at Kampong 
Che Song appear well-weathered, and one consequence of this has been downward 
movement of clay onto the flatter area at the base of the tailings (area N), 
increasing aluminium levels there. At Tanjong Tualang and Teronoh, erosion of 
tailings appears to be much more recent, given that the natural angle of repose of 
this material appear to be approximately 25°, and that sheer quarry faces are 
evident on both sites. The chemistry and physical properties of the quarry and 
surface materials might therefore be expected to be rather similar, and indeed, 
aluminium levels did not differ between the two sources at either Tanjong Tualang 
or Teronoh. However, this was not reflected in the particle size data, which showed 
very low clay contents in area L. Particle size determinations were made for single 
representative samples from each site (obtained by sub-sampling and combining 
material from each of the 30 samples in each site), and may therefore not 
adequately represent variation across them. Such interpretative difficulties clearly 
demonstrate the need to obtain as much background data on each site as possible. 
Since the decline of the Malaysian mining industry, this has become increasingly 
difficult, and estimates of the age and status of tailings are often all that can be 
offered. 
That aluminium was extracted from all sandy tailings at levels below those of a 
natural kaolisol may indicate that aluminium toxicity does not pose such a 
significant hindrance to plant colonization of sandy tailings as expected. However, 
it was certainly present at significantly greater levels than the sandy soil, which has 
implications for attempts to model rehabilitation of sandy tailings on natural 
rehabilitation of such soils (Section 4.5.). 
216 
Chapter 4. Results and Discussion 
• Iron. Iron concentrations were reasonably consistent, although none within sandy 
tailings approached that of the kaolisol - except area J at Batang Berjuntai. The 
location of these tailings in proximity to a slime retention pond may explain this 
elevation when compared with other sites. The very low levels at Tanjong Tualang 
could reflect local geological conditions or intense post-depositional weathering. 
• Manganese. Concentrations of extractable manganese were low on all sites, except 
at Teronoh, where they were not significantly different to those of the kaolisol. As 
with aluminium, manganese toxicity occurs on a wide range of tropical soils 
(Section 2.2.6.), and was expected to be another factor limiting plant colonization 
of sandy tailings. However, these data indicate that manganese levels may actually 
be deficient on most areas of sandy tailings. 
• Cobalt, Nickel, Copper, Zinc. Mehlich 3 extractable concentrations of these micro-
nutrient elements were generally low, although cobalt, copper and zinc 
concentrations in the fresh sandy tailings at Kampar were higher than others, 
including the natural soils. Variability of these elements both within and between 
areas of sandy tai lings does not allow a definitive statement to be made regarding 
their micro-nutrient status compared with natural soils, since the range within these 
soils occasionally exceeds that of sandy tailings. Until growth trials are performed, 
it is impossible to state with certainty that the micronutrient status of sandy tailings 
is sufficient, deficient or excessive for plant growth. Comparing data for cobalt, 
nickel and zinc in sandy tailings with slimes at Batang Berjuntai (Table 4.36.), 
levels were all significantly higher in slimes, yet do not induce toxicity symptoms 
in plants established thereon (Plate 3.11.). However, the success of plant 
colonization on such a relatively 'contaminated ' site may be due to their improved 
nutrient and water status. 
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• Arsenic. Arsenic followed the general trend for other Mehlich 3 extractable 
elements. Sandy tailings seem to retain levels that were equivalent to those of the 
kaolisol, which were in turn significantly greater than levels in a sandy soil. 
However, sandy tailings from two locations had levels that were not significantly 
different from those of the sandy soil. These two sites (Tanjong Tualang and 
Kampong Che Song) retained lower levels of many elements, perhaps reflecting the 
extent of weathering since deposition. At other sites (Kampar and Teronoh), arsenic 
was present at levels significantly greater than either natural soil, but again lower 
than levels found in slimes at Batang Betjuntai (Table 4.36.). 
• Molybdenum. Extractable molybdenum levels fell below the detection Limit of the 
method (0.01~-tg g-1) in almost all cases. However, acid digest levels were similar to 
those for global sandy soils (Table 4.4.) and the Rudua Series soil (Table 4.5.). The 
general absence of the element in Mehlich 3 extracts might reflect the absence of 
exchangeable molybdate within the soils, rather than a lack of the chief source 
mineral (molybdenite) itself. Molybdenite is certainly among the minerals 
identified in primary Malaysian tin deposits (Table 2.4.), but unlike other elements, 
becomes increasingly insoluble with increasing acidity (Figure 2.12.). Thus, while 
totals in the soils may mirror those of their parent rocks (Kabata-Pendias & 
Pendias, 2001), exchangeable forms may be significantly reduced. Kabata-Pendias 
& Pendias (2001) also noted that the molybdate ion may be adsorbed onto ferrous 
oxides (as is the phosphate ion (Section 2.2.2.)). Although it is (at first) readily 
exchangeable from these oxides, as the precipitate ages, relatively insoluble salts 
such as ferrimolybdite (Fe2(Mo04) 3·8H20) form, and the lack of molybdenum in 
the Mehlich 3 extracts might reflect this presence of its less soluble forms, rather 
than a problem with the extraction method. If so, molybdenum is likely to be 
deficient in these substrates. 
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• Tin. Although tin is 'hardly' toxic (Markert, 1996), and is not a known plant 
nutrient element (Marschner, 2002), it was included in the assays to provide an 
indication of the mineral extraction efficiency of the mining process -higher levels 
of tin in mine waste materials could indicate less efficient extraction, and an 
enhanced risk of contamination with other heavy elements from the karang. Levels 
of tin were variable and did not follow a pattern depending upon mining method. 
At Dengkil and Batang Berjuntai, the alluvium was dredged, and tin residues were 
low (leaving aside the figure for area J). They were equally low at Tanjong 
Tualang, Kampong Che Song, and in both natural soils. However, they were 
significantly higher at Kampar and Teronoh. Levels of manganese, cobalt, nickel, 
copper, zinc and arsenic followed this trend, with elevated levels at Kampar and 
Teronoh. At Teronoh, mining occurred close to the granitic contact zone (see Plate 
3.12.), and the karang there may have retained a greater variety of primary minerals 
than would be the case at a greater distance. The mine at Teronoh was close to the 
Kledang granites, and similar conclusions as to contact zone proximity may be 
drawn. The location of these sites near limestone basements would also raise the 
pH of the karang, reducing the solubility of many minerals and increasing their 
residual presence in the tailings. Kampong Che Song and Tanjong Tualang were 
located in the alluvial plain between the two granite ranges (Figure 3.3 .) and not 
subject to the same influences of limestone. 
• Lanthanides. Although rare earth elements are listed as 'slightly toxic' by Markert 
( 1996), they have been incorporated into fertilizers for general use in China, where 
their effect is apparently beneficial (Section 2.2.3.). Their primary source in sandy 
tailings is the mineral monazite, removed from karang along with cassiterite (and 
other heavy minerals) and usually concentrated as a by-product in amang (Section 
2.1.3 .). The presence of lanthanides in tailings provides another indication of the 
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mineral extraction efficiency. Wide variation in levels of both lanthanides and other 
trace elements within sites (such as Kampong Che Song and Batang Berjuntai) 
showed that contamination was generally very low, but may be significant at a 
limited number of locations. Despite its marine origins, the Rudua Series soil at 
Jambu Bangkok (area W) contained significantly more REEs than some sandy 
tailings, perhaps mirroring the marine concentration of heavy minerals that 
provides the commercial source for some mining enterprises (Brooks, 1996). 
• Lead and Uranium. Mehlich 3 extractable lead on three mine sites (Batang 
Berjuntai, Kampong Che Song and Teronoh) was similar to that of natural soils, 
while on the remaining three sites, levels in sandy tailings exceeded those of both 
natural soils. However, neither sandy tailings nor natural soils contained levels 
approaching those of the two areas of slimes (Table 4.36.), which were three times 
greater. This was repeated for uranium, although extractable levels at Kampar were 
much greater than all others and exceeded the total levels of some soils (Table 
4.4.). The occurrence of available uranium in tailings used for crop production 
could be significant, as plants readily absorb and translocate U02(C03) 34• into 
aerial parts from soil solution (Markert, 1996), from where they would enter the 
food chain. However, this chemical species is readily adsorbed onto clay minerals, 
reducing its availability (Kabata-Pendias & Pendias, 2001). 
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Aluminium 
(mg g·1) 
Code Sampling Location Sample type M in Max Mean so 
R Dengkil Sandy slimes 0.15 0.67 0.31 0.13 
s Dengkil Slimes 0.70 1.68 1.42 0.21 
T Dengkil Overburden 0.20 0.65 437 0.12 
u Batang Berjuntai Slimes 0.75 1.28 1.03 0.16 
V Kampong Penarik Sandy soil 0.29 0.60 0.39 0.68 
w Jambu Bongkok Sandy soil 0.04 0.16 0.07 0.03 
X Pantai Remis Sandy soil 0.03 0.25 0.11 0.05 
y Kuala Lumpur Kaolisol 223 1.02 0.75 0.18 
Iron Manganese 
(mg g·1) (f.lg g"1) 
Code M in Max Mean so M in Max Mean so 
R 13.8 188 44.4 33.7 0.07 4.22 0.47 0.79 
s 92.0 282 165 43.0 0.97 3.80 2.16 0.78 
T 21 .8 135 50.1 26.4 0.13 3.09 0.96 0.61 
u 455 857 630 91.9 1.38 18.5 8.36 4.42 
V 52.7 155 108 21.7 0.31 2.29 0.84 0.42 
w 24.1 72.7 42.4 12.2 0.12 1.64 0.53 0.34 
X 8.26 40.6 17.9 7.68 1.22 24.2 8.02 4.53 
y 12.0 222 69.2 54.4 0.12 11 .9 1.95 2.78 
Cobalt Nickel 
(f.lg g"1) (f.lg g"1) 
Code M in Max Mean so M in Max Mean so 
R 0.05 0.60 0.10 0.10 1.29 2.37 1.87 0.27 
s 0.10 0.30 0.17 0.05 <0.01 <0.01 <0.01 <0.01 
T 0.01 0.15 0.06 0.03 1.29 2.60 1.91 0.32 
u 0.36 1.30 0.77 0.25 1.30 2.83 2.14 0.36 
V 0.03 0.08 0.05 0.01 <0.01 0.28 0.14 0.09 
w 0.01 0.03 0.02 0.01 <0.01 1.10 0.24 0.23 
X <0.01 0.02 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
y <0.01 0.06 0.01 0.01 <0.01 0.11 0.04 0.03 
Copper Zinc 
(f.lg g"1) (f.lg g"1) 
Code M in Max Mean so M in Max Mean so 
R 0.28 2.82 0.57 0.45 0.09 4.31 0.48 0.77 
s 0.77 2.69 1.64 0.40 1.05 2.46 1.43 0.30 
T 0.10 0.86 0.24 0.15 0.10 0.47 0.24 0.08 
u 0.76 4.68 1.92 0.97 1.90 15.5 7.11 2.66 
V 0.05 0.39 0.17 0.08 0.13 0.38 0.26 0.07 
w <0.01 0.32 0.04 0.06 0.05 0.41 0.24 0.08 
X <0.01 55.2 1.92 10.1 0.55 40.8 5.52 7.77 
y 0.02 0.28 0.14 0.07 0.14 1.87 0.74 0.42 
Table 4.36a. Mehlich 3 extractable concentrations of various elements in four different areas 
of mine waste and four natural soils (Aluminium: mg g"1, all others: f.lg g"1). 
(n = 30, SO: Standard Deviation) 
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Arsenic 
( ~g g-1) 
Code Sampling Location Sample type M in Max Mean so 
R Dengkil Sandy slimes 0.10 0.46 0.1 6 0 .06 
s Dengkil Slimes 0.07 0.37 0.12 0 .05 
T Dengkil Overburden <0.01 0.12 0.05 0 .03 
u Batang Berjuntai Slimes 0.21 0.90 0.50 0.20 
V Kampong Penarik Sandy soil 0.03 0.06 0.04 0 .01 
w Jambu Bangkok Sandy soil 0.01 0.43 0.04 0 .08 
X Pantai Remis Sandy soil <0.01 0.02 0.01 0.01 
y Kuala Lumpur Kaolisol 0.07 0.21 0.12 0.03 
Molybdenum Tin 
(~g g-1) (~g g-1 ) 
Code M in Max Mean so M in Max Mean so 
R <0.01 <0.01 <0.01 <0.01 0.06 0.27 0.13 0 .06 
s <0.01 <0.01 <0.01 <0.01 0.15 0 .33 0.29 0.04 
T <0.01 <0.01 <0.01 <0.01 0.04 0.22 0.14 0.05 
u <0.01 <0.01 <0.01 <0.01 0.17 0.42 0.29 0.07 
V <0.01 <0.01 <0.01 <0.01 0.01 0 .02 0.01 <0.01 
w <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 <0.01 
X <0.01 <0.01 <0.01 <0.01 0.01 0.19 0.05 0.03 
y <0.01 <0.01 <0.01 <0.01 <0.01 0.07 0.02 0.01 
Lanthanides Lead 
(~g g"1) (~g g"1) 
Code M in Max Mean so M in Max Mean so 
R 0.28 2.82 0.57 0.45 0.44 5.58 1.82 1.05 
s 0.77 2.69 1.64 0.40 1.54 17.7 12.6 4.08 
T 0.10 0.86 0.24 0.15 0.59 3.35 1.68 0.69 
u 0.76 4.68 1.92 0.97 9.68 20.5 13.5 3.07 
V 0.05 0.39 0.17 0.08 0.42 2.02 0.76 0.35 
w <0.01 0.32 0.04 0.06 0.11 0.28 0.17 0.04 
X <0.01 55.2 1.92 10.1 0.35 14.7 1.57 2.80 
y 0.02 0.28 0.14 0.07 0.25 1.40 0 .82 0.28 
Uranium 
(~g g-1) 
Code M in Max Mean so 
R 0.11 0.44 0.20 0.07 
s 0.18 0.34 0.26 0.04 
T 0.06 0.30 0.15 0.05 
u 0.40 1.45 0.61 0.20 
V 0.01 0.05 0.01 0.01 
w <0.01 <0.01 <0.01 <0.01 
X <0.01 <0.01 <0.01 <0.01 
y <0.01 0.01 0.01 <0.01 
Table 4.36b. Mehlich 3 extractable concentrations of various elements in four different areas 
of mine waste and four natural soils (~g g·\ (n = 30, SO: Standard Deviation) 
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4.2.3. SUMMARY 
The occurrence of aluminium in sandy tailings was commonplace and probably due to 
kaolinite residues generated during weathering of the primary ore deposits and their 
surrounding granite. Although high levels of available aluminium are phytotoxic, levels in 
sandy tailings were lower than those found in slimes and a kaolisol. However, levels were 
higher than those of a sandy soil, which could have implications when using ecosystems on 
such soils as models for rehabilitation of sandy tailings (Section 4.5.). 
All other elements (except lead and uranium) were present at levels equivalent to those of 
natural soils, although variation within sites meant that natural levels were exceeded in 
some areas. Whether these local 'hotspots' are significant in determining plant colonization 
of sandy tailings cannot be predicted from the available data, but levels in almost all cases 
were lower than those found in slime tailings, and since such areas support more diverse 
plant communities than sandy tailings (Palaniappan, 1974), elevated trace element contents 
seem not to be a hindrance to colonization. 
Although comparable on some sites, levels of lead and uranium were generally higher in 
sandy tailings than natural soils. In common with other elements, elevated levels in slimes 
do not appear to hinder plant colonization. However, the potential for plant uptake of lead 
and uranium could provide a route for contamination of food crops grown on slimes or on 
sandy tailings 'improved' by sliming. Lead is normally bound within roots and would 
(presumably) be less of a hazard than uranium, which can be translocated to aerial tissues 
(Kabata-Pendias & Pendias, 200 I). 
Although Mehlich 3 extraction allowed rapid estimation of nutrient and trace element 
concentrations in a wide range of soils, it is impossible to know whether these levels 
represent an excess or deficiency unless further tests are performed on crop performance 
and correlated to elemental addi tion I omission responses. 
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4.3. TRACE ELEMENTS AND PLANT COLONIZATION OF SANDY TAILINGS 
4.3.1. MEHLICH 3 EXTRACTABLE ELEMENTS IN SANDY TAILINGS 
Data for Mehlich 3 (and strong acid) extractable levels of elements in sandy tailings have 
proven useful only for inter-site comparison. However, that colonization of slimes takes 
place while slime ponds are still being filled (Reid, 1956) seems to indicate that trace 
element elevation within this substrate is no bar to plant growth. However, the nutrient 
environment of sandy tailings is not so favourable, and in such circumstances, trace 
elements (such as lead) could have more significant impacts upon plant establishment. To 
establish whether trace elements could be a limiting factor for plant colonization of sandy 
tailings, samples were taken from beneath established specimens of Melastoma 
malabathricum and compared with samples from the rest of the site. A snapshot of the soil 
water contents on the day of sampling was also obtained, and these are presented in Tables 
4.37. to 4.40. 
Batang Berjuntai Colonized tailings Whole site 
(Area I) n Mean so Mean so Difference 
Water content 30 5.98 1.76 7.64 3.56 * 
Aluminium 30 164 132 111 47.0 • 
Iron 30 36.1 22.2 31.7 22.1 NS 
Manganese 30 1.69 3.65 0 .15 0.16 • 
Cobalt 30 0.15 0.11 0.09 0.02 • 
Nickel 30 <0.01 0.02 0.28 0.19 • 
Copper 30 0.05 0.08 0.05 0.05 NS 
Zinc 30 0.25 0.17 0 .11 0.06 * 
Arsenic 30 0.10 0.11 0 .15 0.12 NS 
Molybdenum 30 <0.01 0.00 <0.01 0.00 
Tin 30 0.04 0.03 0.05 0.03 NS 
Lanthanum 30 0.08 0.11 0.06 0.04 NS 
Cerium 30 0.69 0.44 0.25 0.13 • 
Lead 30 0.91 0.57 0.88 0.43 NS 
Uranium 30 0.06 0.04 0.08 0.03 • 
Table 4.37. Gravimetric water content(%) and trace element concentrations (J.tg g"1) of 
tailings colonized by Melastoma malabathricum, compared with the site as a whole. 
Significant(*) or non-significant (NS) at P~0.05. 
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Batang Berjuntai Colonized tailings Whole site 
(Area J) n Mean so Mean so Difference 
Water content 30 6.39 2.58 5.43 2.29 NS 
Aluminium 30 216 107 241 111 NS 
Iron 30 82.8 42.9 67.5 35.1 NS 
Manganese 30 0.34 0.23 0.20 0.18 * 
Cobalt 30 0.13 0.07 0.12 0.07 NS 
Nickel 30 0.32 0.33 0.82 0.46 * 
Copper 30 0.19 0.13 0.19 0.13 NS 
Zinc 30 0.13 0.14 0.05 0.11 * 
Arsenic 30 0.19 0.10 0.25 0.17 NS 
Molybdenum 30 <0.01 0.00 <0.01 0.00 
Tin 30 0.09 0.04 0.10 0.03 NS 
Lanthanum 30 0.14 0 .11 0.13 0.09 NS 
Cerium 30 1.10 0 .55 0.43 0.28 * 
Lead 30 0.99 0 .51 0.57 0.31 
Uranium 30 0.15 0 .10 0.17 0.09 NS 
Table 4.38. Gravimetric water content(%) and trace element concentrations (J..lg g"1) of 
tailings colonized by Melastoma malabathricum, compared with the site as a whole. 
Significant(*) or non-significant (NS) at P5 0.05. 
Tanjong Tualang Colonized tailings Whole site 
(Area L) n Mean so Mean so Difference 
Water content 30 5.80 1.80 4.51 0.96 
Aluminium 30 139 24.8 225 70.9 * 
Iron 30 3.71 0.77 4.61 1.30 
Manganese 30 0.31 0.33 <0.01 0.00 
Cobalt 30 0.01 0.02 <0.01 0.00 
Nickel 30 0.08 0.18 0.01 0.01 
Copper 30 0.14 0.22 0.09 0.06 NS 
Zinc 30 0.23 0.32 <0.01 0.00 
Arsenic 30 0.05 0.08 0.02 0.01 * 
Molybdenum 30 <0.01 0.01 <0.01 0.00 NS 
Tin 30 0.05 0.06 0.03 0.01 NS 
Lanthanum 30 0.59 0.52 0.02 0.01 * 
Cerium 30 2.03 0.95 0.04 0.02 * 
Lead 30 1.27 0.29 2.88 1.11 * 
Uranium 30 0.13 0.05 0.26 0.21 * 
Table 4.39. Gravimetric water content (%) and trace element concentrations (J..lg g"1) of 
tailings colonized by Melastoma malabathricum, compared with the site as a whole. 
Significant(*) or non-significant (NS) at P5 0.05. 
225 
Chapter 4. Results and Discussion 
Kg Che Song Colonized tailings Whole site 
(Area N) n Mean so Mean so Difference 
Water content 30 8.09 1.33 5.55 0.96 * 
Aluminium 30 318 151 322 119 NS 
Iron 30 23.1 11 .3 17.9 6.71 * 
Manganese 30 0.33 0.22 0.10 0.07 * 
Cobalt 30 <0.01 0.00 <0.01 0.00 NS 
Nickel 30 0.02 0.01 0.01 0.03 NS 
Copper 30 0.09 0.09 0.08 0.07 NS 
Zinc 30 0.29 0.17 0.14 0.08 * 
Arsenic 30 0.04 0.02 0.05 0.04 NS 
Molybdenum 30 <0.01 0.00 <0.01 0.00 NS 
Tin 30 0.04 0.01 0.04 0.02 NS 
Lanthanum 30 0.24 0.17 0.15 0.11 
Cerium 30 0.19 0.11 1.83 0.95 * 
Lead 30 1.37 1.15 0.92 0.61 NS 
Uranium 30 0.10 0.08 0.16 0.10 * 
Table 4.40. Gravimetric water content(%) and trace element concentrations ()lg g"1) of 
tailings colonized by Melastoma malabathricum, compared with the site as a whole. 
Significant (*) or non-significant (NS) at P .:50.05. 
There does not appear to be a consistent pattern m these data. Water contents were 
certainly higher in two of the colonized sites (Tanjong Tualang and Kampong Che Song), 
but in the remaining two, one showed lower content in colonized tailings, and the other 
showed no difference. These data were the result of water determinations on a single day, 
and longer term monitoring of soil hydrology might provide more definitive conclusions. 
Certainly it would seem reasonable to suggest that areas with consistently greater water 
availability would be more suitable for plant colonization, especially in a substrate which is 
otherwise susceptible to drought. 
Data for aluminium, iron and the trace elements were equally mixed. Colonized areas had 
higher, the same or lower levels of avai lable aluminium, iron, nickel, arsenic and lead. 
Levels of cerium were generally higher under Me/astoma, although this was not the case at 
Kampong Che Song, and at two sites, levels of lanthanum beneath Melastoma were raised 
in comparison with the site as a whole. 
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A clearer pattern emerged with data for manganese, zinc and uranium. All colonized 
tailings had higher levels of manganese and zinc, which could either reflect a general 
deficiency of these elements (and colonization in only those micro-sites where they were 
present in sufficient concentration), or it could reflect the binding of these ions in root 
exudates (Kabata-Pendias & Pendias, 2001), preventing their leaching from the surface 
horizons to such an extent as may have occurred on the rest of the site. Uranium 
concentrations were mostly tower in colonized tailings, indicating preferential 
establishment in such areas or removal of uranium by Melastoma. 
In all cases, there was a problem with the experimental approach, in that many trace and 
potentially toxic elements (such as lead) can be accumulated by plants. Thus, testing the 
soil chemical status beneath established plants provides only a picture of the plant 
manipulated rhizosphere, rather than an accurate indication of conditions prior to 
colonization. This is further demonstrated in Table 4.41., which gives the concentrations of 
various macro-nutrients, measured (in triplicate) in representative samples from the same 
locations. In almost every case, the soil pH and nutrient levels were higher (or not 
significantly different) in colonized tailings, with the exception of sulphur - which was 
present at consistent concentrations across each site. It would be easy to conclude that 
Melastoma colonized only those areas with a greater nutrient status. This may be the case, 
but it is also possible that the plants themselves improved the status of the tailings in which 
they established by intercepting and retaining nutrients, encouraging biochemical cycling 
in their rhizosphere, and improving soil organic content through litter fall and root 
turnover. Certainly, trace element toxicity does not appear to be a hindering factor in plant 
colonization of sandy tailings, but this should be confmned by monitoring the chemical 
status of sites for successive seasons - before, during and after colonization. 
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While these data are inconclusive, improved water and nutrient status have been shown to 
be important in other rehabilitation attempts. Trace element availability in sandy tailings 
does not appear to be an important factor in plant colonization patterns. 
Colonized tailings Whole site 
n Mean so Mean so Difference 
Bg Berjuntai 1 
pH H20 3 4.62 0.01 4.35 0.01 • 
%LOI 3 0.59 0.01 0.38 0.01 • 
Magnesium 3 6.14 0.32 0.92 0.16 
Phosphorus 3 0.69 0.04 0.27 0.03 • 
Sulphur 3 3.67 2.93 3.73 2.36 NS 
Potassium 3 7.05 0.27 1.75 0.13 • 
Calcium 3 31.3 0.79 1.05 0.15 
Bg Berjuntai 2 
pH H20 3 4.35 0.01 4.26 0.01 • 
%LOI 3 1.01 0.00 0.79 0.01 • 
Magnesium 3 2.91 0.10 2.32 0.03 NS 
Phosphorus 3 0.73 0.52 0.44 0.01 • 
Sulphur 3 6.11 1.63 9.58 5.06 NS 
Potassium 3 4.86 0.07 3.57 0.01 • 
Calcium 3 5.86 2.24 3.37 0.20 NS 
Tanjong Tualang 
pH H2o 3 4.71 0.01 4.73 0.02 NS 
%LOI 3 0.39 0.02 0.38 0.01 NS 
Magnesium 3 1.82 0.20 0.73 0.03 • 
Phosphorus 3 0.59 0.06 0.32 0.02 • 
Sulphur 3 2.95 0.69 3.39 0.84 NS 
Potassium 3 2.26 0.24 0.04 0.08 • 
Calcium 3 5.86 0.19 2.05 0.10 • 
Kg Che Song 
pH H20 3 4.33 0.00 4.45 0.01 
%LOI 3 0.82 0.00 0.46 0.03 • 
Magnesium 3 2.29 0.02 1.28 0.13 • 
Phosphorus 3 0.73 0.03 0.60 0.05 • 
Sulphur 3 4.14 2.38 5.17 1.76 NS 
Potassium 3 4.67 0.17 1.62 0.26 • 
Calcium 3 13.4 0.08 4.08 0.15 • 
Table 4.41. pHH20, Loss on ignition and macro-nutrient concentrations (!lg g'1) of tailings 
colonized by Me/astoma malabathricum, compared with the site as a whole. 
Significant(*) or non-significant (NS) at P .s0.05. 
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4.3.2. CHEMISTRY OF MELASTOMA MALABATHRICUM ON SANDY TAJLINGS 
To examine whether plants growing on sandy tailings contained greater levels of trace 
elements than those grown on 'uncontaminated' soils, samples of foliage were collected 
from specimens of Melastoma malabathricum growing on four mine sites, and compared 
with foliage from the same species established on a lowland kaolisol. The resulting data 
are presented in Tables 4.42. to 4.45. Corresponding data comparing Mehlich 3 extractable 
elements in the sandy tailings and kaolisol are presented in Tables 4.46. to 4.49. 
Me/a stoma Melastoma 
on natural kaolisol on sandy tailings 
(Kuala Lumpur) (Batang Berjuntai 1) 
n Mean so Mean so Difference 
Magnesium 30 1980 381 2670 661 • 
Aluminium 30 12300 3290 9180 2950 • 
Phosphorus 30 831 193 999 194 • 
Sulphur 30 2040 619 3360 1620 • 
Potassium 30 8870 1890 8440 1500 NS 
Calcium 30 20600 3200 14800 4810 • 
Iron 30 63.4 15.2 57.8 9.06 NS 
Manganese 30 937 464 583 378 • 
Cobalt 30 0.15 0.07 0.29 0.12 • 
Nickel 30 1.29 0.48 1.34 0.45 NS 
Copper 30 7.99 1.36 7.52 1.62 NS 
Zinc 30 37.7 7.40 37.5 7.44 NS 
Arsenic 30 0.10 0.03 0.14 0.09 • 
Molybdenum 30 0.08 0.14 1.29 0.79 • 
Tin 30 0.02 0.07 0.11 0.52 NS 
Lanthanum 30 0.16 0.06 0.16 0.06 NS 
Cerium 30 0.49 0.18 0.36 0.12 • 
Lead 30 1.11 0.27 2.24 2.57 NS 
Uranium 30 0.01 0.01 0.11 0.09 • 
Table 4.42. Chemistry (nitric acid d igest) of Melastoma malabathricum collected from sandy 
tailings and compared with the same species grown on a natural soil (J.lg g·\ 
Significant(*) or non-significant (NS) at P5 0.05. 
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Me la stoma Melastoma 
on natural kaolisol on sandy tailings 
(Kuala Lumpur) (Batang Berjuntai 2) 
n Mean so Mean so Difference 
Magnesium 30 1980 381 2440 522 * 
Aluminium 30 12300 3290 8600 2940 * 
Phosphorus 30 831 193 1020 174 * 
Sulphur 30 2040 619 2870 1210 NS 
Potassium 30 8870 1890 9300 1340 NS 
Calcium 30 20600 3200 11300 3190 * 
Iron 30 63.4 15.2 57.8 11 .0 NS 
Manganese 30 937 464 444 355 * 
Cobalt 30 0.15 0.07 0.26 0.14 * 
Nickel 30 1.29 0.48 1.42 0.42 NS 
Copper 30 7.99 1.36 8.1 6 1.19 NS 
Zinc 30 37.7 7.40 39.9 6.33 NS 
Arsenic 30 0.10 0.03 0.09 0.03 NS 
Molybdenum 30 0.08 0.14 1.31 1.02 * 
Tin 30 0.02 0.07 0.28 1.30 NS 
Lanthanum 30 0.16 0.06 0.17 0.06 NS 
Cerium 30 0.49 0.18 0.37 0.14 * 
Lead 30 1.1 1 0.27 1.08 1.19 NS 
Uranium 30 0.01 0.01 0.07 0.05 * 
Table 4.43. Chemistry of Melastoma malabathricum collected from sandy tailings and 
compared with the same species growing on a natural soil (~g g·\ 
Significant (*) or not (NS) at P .s0.05. 
Me la stoma Melastoma 
on natural kaolisol on sandy tailings 
(Kuala Lumpur) (Kg Che Song) 
n Mean so Mean so Difference 
Magnesium 30 1980 381 2060 379 NS 
Aluminium 30 12300 3290 5750 1240 * 
Phosphorus 30 831 193 915 122 NS 
Sulphur 30 2040 619 1810 350 NS 
Potassium 30 8870 1890 7860 908 * 
Calcium 30 20600 3200 12700 2200 
Iron 30 63.4 15.2 44.7 4.97 * 
Manganese 30 937 464 170 92.4 
Cobalt 30 0.15 0.07 0.11 0.08 NS 
Nickel 30 1.29 0.48 0.89 0.21 * 
Copper 30 7.99 1.36 7.65 1.08 NS 
Zinc 30 37.7 7.40 39.6 6.96 NS 
Arsenic 30 0.10 0.03 0.07 0.02 NS 
Molybdenum 30 0.08 0.14 0.54 0.27 * 
Tin 30 0.02 0.07 0.17 0.76 NS 
Lanthanum 30 0.16 0.06 0.25 0.12 * 
Cerium 30 0.49 0.18 0.44 0.20 NS 
Lead 30 1.11 0.27 2.28 3.92 NS 
Uranium 30 0.01 0.01 0.04 0.05 NS 
Table 4.44. Chemistry of Melastoma malabathricum collected from sandy tailings and 
compared with the same species growing on a natural soil (~g g·\ 
Significant(*) or not (NS) at P .s0.05. 
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Me la stoma Me/a stoma 
on natural kaolisol on sandy tailings 
(Kuala Lumpur) (Tg Tualang) 
n Mean so Mean so Difference 
Magnesium 30 1980 381 1950 466 NS 
Aluminium 30 12300 3290 6280 1600 * 
Phosphorus 30 831 193 1030 350 * 
Sulphur 30 2040 619 2160 2690 NS 
Potassium 30 8870 1890 9040 1140 NS 
Calcium 30 20600 3200 10600 2440 * 
Iron 30 63.4 15.2 40.6 5.57 
Manganese 30 937 464 234 130 * 
Cobalt 30 0.15 0.07 0.15 0.13 NS 
Nickel 30 1.29 0.48 1.06 0.31 NS 
Copper 30 7.99 1.36 7.34 1.30 NS 
Zinc 30 37.7 7.40 35.1 7.29 NS 
Arsenic 30 0.10 0.03 0.04 0.02 
Molybdenum 30 0.08 0.14 1.21 0.48 * 
Tin 30 0.02 0.07 0.01 0.06 NS 
Lanthanum 30 0.16 0.06 0.19 0.08 NS 
Cerium 30 0.49 0.18 0.31 0.18 * 
Lead 30 1.11 0.27 3.65 3.91 * 
Uranium 30 0.01 0.01 0.05 0.02 
Table 4.45. Chemistry of Melastoma malabathricum collected from sandy tailings and 
compared with the same species growing on a natural soil (f.lg g·\ 
Significant(*) or not (NS) at P::;0.05. 
Kaolisol Sandy tailings 
(Kuala Lumpur) (Bg Berjuntai 1) 
n Mean so Mean so Difference 
Magnesium 3 9.24 0.33 6.14 0.32 * 
Aluminium 30 754 18.3 164 132 
Phosphorus 3 0.26 0.04 0.69 0.04 NS 
Sulphur 3 50.5 3.00 3.67 2.93 * 
Potassium 3 13.1 1.26 7.05 0.27 * 
Calcium 3 195 5.80 31 .3 0.79 * 
Iron 30 69.2 54.4 36.1 22.2 * 
Manganese 30 1.95 2.78 1.69 3.65 NS 
Cobalt 30 0.01 0.01 0.15 0.11 * 
Nickel 30 0.04 0.03 <0.01 0.02 NS 
Copper 30 0.14 0.07 0.05 0.08 * 
Zinc 30 0.74 0.42 0.25 0.17 * 
Arsenic 30 0.12 0.03 0.10 0.11 NS 
Molybdenum 30 <0.01 0.00 <0.01 0.00 NS 
Tin 30 0.02 0.01 0.04 0.03 NS 
Lanthanum 30 0.05 0.18 0.08 0.11 NS 
Cerium 30 <0.01 0.00 0.69 0.44 
Lead 30 0.82 0.28 0.91 0.57 NS 
Uranium 30 0.01 0.00 0.06 0.04 * 
Table 4.46. Mehlich 3 extractable elements in sandy tailings and a lowland kaolisol from 
beneath Melastoma malabathricum (f.lg g·\ Significant(*) or not (NS) at P::;0.05. 
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Kaolisol Sandy tailings 
(Kuala Lumpur) (Bg Berjuntai 2) 
n Mean so Mean so Difference 
Magnesium 3 9.24 0.33 2.91 0.10 * 
Aluminium 30 754 183 216 107 * 
Phosphorus 3 0.26 0.04 0.73 0.52 NS 
Sulphur 3 50.5 3.00 6.11 1.63 
Potassium 3 13.1 1.26 4.86 0.07 * 
Calcium 3 195 5.80 5.86 2.24 * 
Iron 30 69.2 54.4 82.8 42.9 NS 
Manganese 30 1.95 2.78 0.34 0.23 • 
Cobalt 30 0.01 0.01 0.13 0.07 
Nickel 30 0.04 0.03 0.32 0.33 * 
Copper 30 0.14 0.07 0.19 0.13 NS 
Zinc 30 0.74 0.42 0.13 0.14 * 
Arsenic 30 0.12 0.03 0.19 0.10 
Molybdenum 30 <0.01 0.00 <0.01 0.00 NS 
Tin 30 0.02 0.01 0.09 0.04 * 
Lanthanum 30 0.05 0.18 0.14 0.11 NS 
Cerium 30 <0.01 0.00 1.10 0.55 * 
Lead 30 0.82 0.28 0.99 0.51 NS 
Uranium 30 0.01 0.00 0.15 0.10 * 
Table 4.47. Mehlich 3 extractable elements in sandy tailings and a lowland kaolisol from 
beneath Melastoma malabathricum (1-!g g·\ Significant(*) or not (NS) at P 5 0.05. 
Kaolisol Sandy tailings 
(Kuala Lumpur) (Kg Che Song) 
n Mean so Mean so Difference 
Magnesium 3 9.24 0.33 2.29 0.02 * 
Aluminium 30 754 183 318 151 
Phosphorus 3 0.26 0.04 0.73 0.03 NS 
Sulphur 3 50.5 3.00 4.14 2.38 * 
Potassium 3 13.12 1.26 4.67 0.17 * 
Calcium 3 195 5.80 13.4 0.08 
Iron 30 69.2 54.4 23.1 11.3 * 
Manganese 30 1.95 2.78 0.33 0.22 * 
Cobalt 30 0.01 0.01 <0.01 0.00 * 
Nickel 30 0.04 0.03 0.02 0.01 * 
Copper 30 0.14 0.07 0.09 0.09 
Zinc 30 0.74 0.42 0.29 0.17 
Arsenic 30 0.12 0.03 0.04 0.02 * 
Molybdenum 30 <0.01 0.00 <0.01 0.00 NS 
Tin 30 0.02 0.01 0.04 0.01 * 
Lanthanum 30 0.05 0.18 0.24 0.17 * 
Cerium 30 <0.01 0.00 0.19 0.11 
Lead 30 0.82 0.28 1.37 1.15 * 
Uranium 30 0.01 0.00 0.10 0.08 
Table 4.48. Mehlich 3 extractable elements in sandy tailings and a lowland kaolisol from 
beneath Melastoma malabathricum (1-!g g"1). Significant(*) or not (NS) at P 5 0.05. 
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Kaolisol Sandy tailings 
(Kuala Lumpur) (Tanjong Tualang) 
n Mean so Mean so Difference 
Magnesium 3 9.24 0.33 1.82 0.20 
Aluminium 30 754 183 139 24.8 * 
Phosphorus 3 0.26 0.04 0.59 0.06 NS 
Sulphur 3 50.5 3.00 2.95 0.69 
Potassium 3 13.1 1.26 2.26 0.24 * 
Calcium 3 195 5.80 5.86 0.19 
Iron 30 69.2 54.4 3.71 0.77 * 
Manganese 30 1.95 2.78 0.31 0.33 * 
Cobalt 30 0.01 0.01 0.01 0.02 NS 
Nickel 30 0.04 0.03 0.08 0.18 NS 
Copper 30 0.14 0.07 0.14 0.22 NS 
Zinc 30 0.74 0.42 0.23 0.32 * 
Arsenic 30 0.12 0.03 0.05 0.08 * 
Molybdenum 30 <0.01 0.00 <0.01 0.01 NS 
Tin 30 0.02 0.01 0.05 0.06 * 
Lanthanum 30 0.05 0.18 0.59 0.52 * 
Cerium 30 <0.01 0.00 2.03 0.95 * 
Lead 30 0.82 0.28 1.27 0.29 
Uranium 30 0.01 0.00 0.13 0.05 * 
Table 4.49. Mehlich 3 extractable elements in sandy tailings and a lowland kaolisol from 
beneath Melastoma malabathricum (J..lg g"\ Significant (*) or not (NS) at P 5 0.05. 
Data in Tables 4.42. to 4.45. show that there is almost no evidence to support the theory 
that Melastoma on sandy tailings contain higher levels of trace elements. In only one case 
was arsenic more concentrated in plants grown on tailings, and levels of cerium were 
generally lower. However, there was a notable exception - concentrations of uranium. 
Apart from the colony at Kampong Che Song, plants grown on sandy tailings showed 
consistently higher levels of this element than plants growing in a natural soil. Whether 
this pattern is repeated for other colonizing or crop species must be subject to further study. 
It is very likely that tailings amended for crop production by addition of organic matter or 
slimes might nullify these increases, since they both strongly adsorb uranium (Kabata-
Pendias & Pendias, 2001). Aside from increased uranium, other elements behaved 
consistently. Aluminium, calcium and manganese levels were all lower in plants growing 
on sandy tailings, following the pattern of lower Mehlich 3 extractable concentrations in 
these substrates when compared with the kaolisol (Tables 4.46. to 4.49.). In contrast, levels 
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of phosphorus were generally higher in plants grown on tailings - also in line with soil 
extractable levels. Unfortunately, correlation between soil and plant chemistry was poor 
(Table 4.50.), indicating that Mehlich 3 cannot predict the availability of any given element 
in sandy tailings or Rengam Series soil for uptake by Melastoma growing on those soils. 
While disappointing, this may not be true of all colonizing plant species, and highlights the 
need for soil chemistry to be confirmed by growth and testing of crop species on these 
substrates, rather than relying solely upon soil extract data. 
Kaolisol Sandy tailings Sandy tailings 
(Kuala Lumpur) (Batang Berjuntai 1) (Batang Berjuntai 2) 
R2 p R2 p R2 p 
Aluminium 0.08 0.140 0.34 0.001 0.26 0.004 
Iron 0.05 0.227 0.04 0.281 0.05 0.231 
Manganese 0.10 0 .097 0.08 0.141 0.09 0.103 
Cobalt 0.10 0.083 0.01 0.645 0.05 0.243 
Nickel 0.02 0.435 0.00 0.926 0.01 0.547 
Copper 0.32 0.001 0.00 0.888 0.00 0.955 
Zinc 0.42 <0.0001 0.01 0.675 0.05 0.236 
Arsenic 0.03 0.347 0.01 0.691 0.24 0.006 
Tin 0.00 0.786 0.02 0.424 0.01 0.256 
Lanthanum 0.32 0.001 0.04 0.287 0.17 0.022 
Cerium 0.00 0.000 0.07 0.156 0.22 0.008 
Praseodymium 0.14 0 .043 0.01 0.544 0.25 0.005 
Neodymium 0.13 0.048 0.05 0.254 0.24 0.006 
Lead 0.01 0.590 0.00 0.853 0.01 0.673 
Uranium 0.00 0.712 0.00 0.780 0 .25 0.005 
Sandy tailings Sandy tailings 
(Kampong Che Song) (Tanjong Tualang) 
R2 p R2 p 
Aluminium 0.34 0.0008 0.11 0.08 
Iron 0.00 0.816 0.17 0.02 
Manganese 0.20 0.013 0.06 0.19 
Cobalt 0.14 0.043 0.45 <0.0001 
Nickel 0.00 0.726 0 .00 0.77 
Copper 0.00 0.746 0.07 0.16 
Zinc 0.02 0.447 0.00 0.87 
Arsenic 0.03 0.389 0.23 0.01 
Tin 0.01 0.646 0.01 0.66 
Lanthanum 0.08 0.13 0.14 0.04 
Cerium 0.08 0.139 0.10 0.09 
Praseodymium 0.06 0.185 0.23 0.01 
Neodymium 0.05 0.243 0.31 0.00 
Lead 0.39 0.0002 0.10 0.09 
Uranium 0.34 0.001 0.06 0.18 
Table 4.50. Correlations between Mehlich 3 soil chemistry and leaf chemistry of Melastoma 
malabathricum. Probability of correlation (p) and correlation statistic (R2). 
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4.3.3. SUMMARY 
Trace element contamination does not seem to be a significant factor in the colonization of 
sandy tailings by Melastoma malabathricum. Nutrient levels beneath plants are 
consistently higher than for sites when taken as a whole, although whether such 
improvements pre or post-date the arrival of the species requires further investigation. 
Melastoma malabathricum established on sandy tailings showed no enhanced trace 
element content when compared with specimens grown on a natural soil, with the 
exception of uranium. Whether this should be cause for concern in agronomic species 
grown on such materials is at present unknown. 
Levels of trace elements extracted from sandy tailings were certainly not sufficient to 
render them phytotoxic, as can be demonstrated by examination ofTable 4.51., which lists 
Mehlich 3 extractable levels of a range of elements in three heaps of amang at Dengkil, 
and the chemistry of two plant species which have successfully colonized the fringes of 
these heaps (Plate 4.1.). The lead content of Melastoma was greater here than in all 
examples collected from sandy tailings (Tables 4.42. to 4.45.), but did not appear to 
hamper its growth. Contents in Pennisetum were higher still, but again did not appear to 
exert any phytotoxic influence. 
Although insufficient to prevent plant establishment, differential uptake by different 
species will be important when establishing agronomic species on sandy tailings, since 
some of these may accumulate lead, uranium (and other elements) to levels which render 
them unsuitable for human consumption. Selective accumulation of trace elements in 
foliage would not be problematic where species are grown (for example) for their fruits, 
and preliminary testing of selected species on all areas of sandy tailings identified as 
potential crop land is recommended before wider-scale planting is undertaken. 
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This data (Table 4.51) also reveals elevations in the concentrations of iron and sulphur, 
indicating the presence of pyrites within the mined alluvium, the oxidation of which 
contributes to the acidity of sandy tailings. This not only discourages plant colonization, 
but increases availability and leaching of both essential and toxic trace elements. 
Pennisetum Melastoma 
1 2 3 polystachion malabathricum 
pH H20 3.31 3.46 2.52 
Sulphur 50.9 69.3 668 1820 3640 
Iron 24.2 30.9 554 222 90.6 
Manganese 0.12 3.37 2.47 219 768 
Cobalt 0.01 0.15 0.61 0.19 0.36 
Nickel 0.01 0.17 1.49 3.32 3.65 
Copper 0.02 3.64 6.58 8.52 7.47 
Zinc 0.32 3.39 8.44 23.9 41 .1 
Arsenic 0.04 0.11 0.22 0.52 0.12 
Lanthanum 0.04 0.41 0.31 1.04 0.40 
Cerium 0.11 1.19 1.20 2.15 0.81 
Lead 23.5 52.4 102 55.0 7.31 
Uranium 1.09 17.3 17.7 0.64 0.76 
Table 4.51. Mehlich 3 extractable elements (J.lg g"1) in three amang heaps together with acid 
extractable elements in two plant species colonizing these heaps. 
Plate 4.1. Melastoma malabathricum (left) and Pennisetum polystachion (right) established 
on the edge of amang dumps at Dengkil. 
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4.4. GREENHOUSE TRIALS EXAMJNLNG THE RESPONSES OF PLANTS GROWN ON SANDY 
TALLLNGS TO PEAT, CLAY AND MYCORRHIZAL ADDITIONS 
A greenhouse experiment was perfonned to examine the effects of common rehabilitation 
practices (such as addition of organic matter and slimes), and mycorrhizal fungi on the 
growth and chemistry of Panicum miliaceum and Pueraria phaseoloides grown on sandy 
tailings. Various codes were adopted to describe the sixteen basic soil mixes (Table 4.52.). 
Code Sand Clay Peat 
100:0:0 100 0 0 
100:0:2 98 0 2 
100:0:4 96 0 4 
100:0:6 94 0 6 
90:10:0 90 10 0 
90:10:2 88.2 9.8 2 
90:10:4 86.4 9.6 4 
90:10:6 84.6 9.4 6 
80:20:0 80 20 0 
80:20:2 78.4 19.6 2 
80:20:4 76.8 19.2 4 
80:20:6 75.2 18.8 6 
70:30:0 70 30 0 
70:30:2 68.6 29.4 2 
70:30:4 67.2 28.8 4 
70:30:6 65.8 28.2 6 
Table 4.52. Codes used to describe experimental soil mixtures, together with the 
percentages of sand, clay and peat which these represent. 
Three mycorrhizal treatments were applied to these sixteen soil mixtures. These are 
referred to by name, rather than code: No mycorrhizae, Inoculated (using live mycorrhizal 
fungi in their carrier medium) and Carrier only (using sterile mycorrhizal carrier medium). 
4.4.1 . GROWTH RESPONSES 
4.4.1.1. P ANICUMMILIACEUM 
The responses of this species to the various treatments are illustrated in Plates 4.2. to 4.17. 
Their fresh and dry weights are shown in Figures 4.3. and 4.4., followed by Table 4.53., 
which compares mean dry weights for each treatment with the control. 
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Plate 4.2. Effects of mycorrhizal additions on growth of Panicum mlllaceum in soil100:0:0. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
Plate 4.3. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil100:0:2. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
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Plate 4.4. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil100:0:4. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
Plate 4.5. Effects of mycorrhizal additions on growth of Panicum miliaceum in soi1100:0:6. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
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Plate 4.6. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil90:10:0. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
Plate 4.7. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil90:10:2. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
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Plate 4.8. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil90:10:4. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
Plate 4.9. Effects of mycorrhizal additions on growth of Pan/cum miliaceum in soi190:10:6. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
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Plate 4.1 0. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil 80:20:0. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
Plate 4.11. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil80:20:2. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
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Plate 4.12. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil 80:20:4. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
Plate 4.13. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil80:20:6. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1 cm wide. 
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Plate 4.14. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil70:30:0. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
Plate 4.15. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil 70:30:2. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
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Plate 4.16. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil70:30:4. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
Plate 4.17. Effects of mycorrhizal additions on growth of Panicum miliaceum in soil70:30:6. 
No mycorrhizae (left), carrier only (centre) and inoculated (right). Scale bars are 1cm wide. 
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Figure 4.3. Fresh weights (g) of French Millet (Panicum miliaceum) grown in experimental 
soil mixes, together with those grown in natural soils 
(Rudua (sandy) and Rengam (kaolisol)). 
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Figure 4.4. Dry weights (g) of French Millet (Panicum miliaceum) grown in experimental soil 
mixes, together with those grown in natural soils (Rudua (sandy) and Rengam (kaolisol)). 
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No mycorThizae Inoculated Carrier 
Mean SD Significance Mean so Significance Mean SD Significance 
100:0:0 0.0030 0.0013 0.0903 0.0097 0.0610 0.0119 
100:0:2 0.0130 0.0059 NS 0.1100 0.0052 0.1198 0.0492 
100:0:4 0.0135 0.0035 NS 0.0637 0.0183 0.0663 0.0323 
100:0:6 0.0107 0.0023 NS 0.0948 0.0194 0.0298 0.0187 
90:10:0 0.0026 0.0000 NS 0.0645 0.0404 0.0895 0.0242 
90:10:2 0.0046 0.0019 NS 0.0877 0.0130 0.0699 0.0110 
90:10:4 0.0070 0.0017 NS 0.1384 0.0260 0.0476 0.0076 
90:10:6 0.0080 0.0023 NS 0.1022 0.0146 0.0431 0.0055 
80:20:0 0.0022 0.0008 NS 0.1362 0.0253 0.0617 0.0186 
80:20:2 0.0049 0.0012 NS 0.0827 0.0236 0.0368 0.0052 
80:20:4 0.0067 0.0030 NS 0.0943 0.0084 0.0318 0.0042 
80:20:6 0.0078 0.0021 NS 0.1173 0.0253 0.0265 0.0069 
70:30:0 0.0060 0.0009 NS 0.1287 0.0146 0.1153 0.0289 
70:30:2 0.0056 0.0008 NS 0.1339 0.0230 0.0581 0.0268 
70:30:4 0.0050 0.0016 NS 0.1113 0.0176 0.0480 0.0095 
70:30:6 0.0065 0.0024 NS 0.0829 0.0178 0.0313 0.0032 
Rudua 0.0090 0.0008 NS 
Rengam 0.0524 0.0077 
Table 4.53. Dry weights (g) of Panicum miliaceum compared with the control (100:0:0) 
(SD: Standard Deviation) Significant(*) or non-significant (NS) at P .s0.05. 
None of the basic amendments resulted in improved growth. Adding clay had no effect 
until it comprised 30% of the substrate, although the resulting growth was not significantly 
different to the control. Likewise, although peat additions produced small growth 
improvements, no plants were significantly larger than those grown in I 00% sandy tailings 
(Table 4.53.). 
However, both mycorrhizal treatments (carrier and inoculum) did produce significant 
growth improvements, although these responses were erratic - particularly for inoculated 
plants. When the inert carrier medium was used, a general trend of improved growth with 
·added slimes was evident, but this was more than reversed as peat was added, with each 
successive percentage rise in peat causing significant reductions in growth. These patterns 
were not so clear in inoculated treatments, and data for the inoculation percentage of each 
treatment does not explain this variability (Tables 4.54.), since (for example) Panicum in 
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soil 100:0:4 showed a low growth response, despite having a greater infection percentage 
than plants grown in either I 00:0:2 or I 00:0:6 soils. 
Artificial soils Artificial soils 
No No 
Mycorrhlzae Inoculated Carrier Mycorrhlzae Inoculated Carrier 
100:0:0 80:20:0 
Mean 0.00 14.30 0.00 Mean 0.00 5.69 3.45 
so 0.00 0.02 0.00 so 0.00 0.03 0.00 
100:0:2 80:20:2 
Mean 0.00 3.44 0.00 Mean 0.00 1.55 1.29 
so 0.00 0.03 0.00 so 0.00 0.01 0.01 
100:0:4 80:20:4 
Mean 0.00 9.70 0.00 Mean 0.00 12.45 1.40 
so 0.00 0.04 0.00 so 0.00 0.02 0.01 
100:0:6 80:20:6 
Mean 0.00 0.00 0.00 Mean 0.00 22.00 0.00 
so 0.00 0.00 0.00 so 0.00 0.07 0.00 
90:10:0 70:30:0 
Mean 0.00 2.67 0.00 Mean 0.00 2.90 6.78 
so 0.00 0.01 0.00 so 0.00 0.02 0.05 
90:10:2 70:30:2 
Mean 0.00 1.19 0.00 Mean 0.00 0.00 0.00 
so 0.00 0.01 0.00 so 0.00 0.00 0.00 
90:10:4 70:30:4 
Mean 0.00 2.19 0.00 Mean 0.00 1.79 1.46 
SO 0.00 0.01 0.00 so 0.00 0.01 0.01 
90:10:6 70:30:6 
Mean 0.00 0.00 0.00 Mean 0.00 0.93 0.00 
so 0.00 0.00 0.00 so 0.00 0.01 0.00 
Natural soils Natural soils 
Jambu (sandy soil) Rudua (sandy soil) 
Mean 0.00 Mean 0.00 
so 0.00 SO 0.00 
Rusila (sandy soil) Rengam (kaolisol) 
Mean 0.00 Mean 0.00 
so 0.00 so 0.00 
Table 4.54. Root infection percentages of Panicum millaceum grown in artificial and natural 
soils. 
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The technique of correlating plant growth with root infection percentages is itself rather 
problematic. Although standard practice, its use has been questioned by many, including 
Marschner & Dell (1994) and Alien (2001). Their chief concern was that root infection 
percentages are far too general, since they include the whole range of mycorrhizal 
structures- rather than solely those responsible for nutrient exchange. In addition, the level 
of root infection may not reflect the external activity of the fungus, which could exploit a 
huge volume of soil but produce few root infection points. Certainly, root infection and 
growth of Panicum miliaceum did not seem related, and there was no clear indication of 
infection levels being related to particular soil amendments. 
Despite the relatively hostile chemical environments of the substrates (Section 4.4.2.), 
inoculation was successful in most soils. It should also be noted that many treatments to 
which the sterile carrier was applied demonstrated mycorrhizal infection, and in some 
instances produced greater infection levels than the inoculum itself (Table 4.54). Although 
Nadarajah & Nawawi (1988) indicated that sandy tailings were mycologically inert, they 
did not provide data for slimes or other waste materials, and since infection only occurred 
in soils to which 20% or more clay had been added, these must have provided the source of 
native fungi. Slimes were collected from an area colonized by the grass lmperata 
cylindrica, and cracking of the substrate had enabled deep rooting by this species, 
providing ample opportunity for dissemination of infective propagules throughout the 
slime collection zone. The commercial inoculum contained five species: Glomus 
manihotis, Glomus mosseae, Glomus geosporum, Glomus microaggregatum and 
Gigaspora rosea, of which only Glomus manihotis was identified in post-experiment soils 
(J.C. Dodd, personal communication). However, a number of native fungi were isolated 
from soils to which slimes and inert carrier medium had been added, including 
Scutellospora calospora, Acaulospora scrobiculata and Scutellospora heterogama (J.C. 
Dodd, personal communication). Since these had their origins in the slimes, they must be 
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adapted to the chemical environments of this material, and might prove more applicable for 
rehabilitation of such substrates than the 'commercial' fungi. it would be instructive to 
examine their specific role in soil-plant chemical mediation in plants grown on sandy 
tailings, especially under field conditions, without the ameliorative effects of the carrier 
medium (Section 4.4.2.) 
Even with the unexpected mycorrhizal presence in non-inoculated treatments, differences 
were clearly visible in growth responses in soils to which the carrier medium or carrier 
medium + inoculum had been added (Plates 4.2. to 4.17.). Plants grown in soils to which 
the inert carrier had been added were generally larger than those in equivalent soils without 
carrier, while plants grown in soils to which the commercial inoculum had been added 
were larger still (Table 4.55.). This is reflected in the relative significance of the various 
soil treatments, with the mycorrhizal amendments being more significant than clay or peat 
(Table 4.56.). 
No No 
Mycorrflizae Inoculated Carrier Mycorrflizae Inoculated Carrier 
100:0:0 A B c 80:20:0 A B c 
Mean 0.0030 0.0903 0.0610 Mean 0.0022 0.1362 0.0617 
SD 0.0013 0.0097 0.0119 SD 0.0008 0.0253 0.0186 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance Significance 
100:0:2 A B c 80:20:2 A B c 
Mean 0.0130 0.1100 0.1198 Mean 0.0049 0.0827 0.0368 
SD 0.0059 0.0052 0.0492 SD 0.0012 0.0236 0.0052 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance NS Significance 
100:0:4 A B c 80:20:4 A B c 
Mean 0.0135 0.0637 0.0663 Mean 0.0067 0.0943 0.0318 
SD 0.0035 0.0183 0.0323 SD 0.0030 0.0084 0.0042 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance NS Significance 
100:0:6 A B c 80:20:6 A B c 
Mean 0.0107 0.0948 0.0298 Mean 0.0078 0.1173 0.0265 
SD 0.0023 0.0194 0.0187 SD 0.0021 0.0253 0.0069 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance NS Significance 
Table 4.55a. Contrasts between dry weights (g) of Panicum miliaceum in each experimental 
soil under two mycorrhizal and one non-mycorrhizal treatments. 
Significant (*) or non-significant (NS) at P .s0.05 
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No No 
Mycorrhizae Inoculated Carrier Mycorrhizae Inoculated Carrier 
90:10:0 A B c 70:30:0 A B c 
Mean 0.0026 0.0645 0.0895 Mean 0.0060 0.1287 0.1153 
SD 0.0000 0.0404 0.0242 SD 0.0009 0.0146 0.0289 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance NS Significance NS 
90:10:2 A B c 70:30:2 A B c 
Mean 0.0046 0.0877 0.0699 Mean 0.0056 0.1339 0.0581 
SD 0.0019 0.0130 0.0110 SD 0.0008 0.0230 0.0268 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance NS Significance 
90:10:4 A B c 70:30:4 A B c 
Mean 0.0070 0.1384 0.0476 Mean 0.0050 0.1113 0.0480 
SD 0.0017 0.0260 0.0076 SD 0.0016 0.0176 0.0095 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance Significance 
90:10:6 A B c 70:30:6 A B c 
Mean 0.0080 0.1022 0.0431 Mean 0.0065 0.0829 0.0313 
SD 0.0023 0.0146 0.0055 SD 0.0024 0.0178 0.0032 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance Significance 
Table 4.55b. Contrasts between dry weights (g) of Pan/cum mi/iaceum in each experimental 
soil under two mycorrhizal and one non-mycorrhizal treatments. 
Significant(*) or non-significant (NS) at P .:;:;0.05 
Factors and Interactions Significance 
Clay NS 
Peat NS 
Mycorrhizae • 
Clay x Peat NS 
Clay x Mycorrhizae NS 
Peat x Mycorrhizae NS 
Clay x Peat x Mycorrhizae NS 
Table 4.56. The statistical significance of experimental factors (and their interactions) upon 
dry weights of Panicum miliaceum. 
Significant (*) or non-significant (NS) at P .:;:;0.001 
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4.4.1 .2. PUERARJA PHASEOLOIDES 
Plate 4.18. Effects of mycorrhizal additions on growth of Pueraria phaseo/oides in soil 
100:0:0. No mycorrhizae {left), inoculated (centre) and carrier only (right). 
Scale bars are 1 cm wide. 
Plate 4.19. Effects of mycorrhizal additions on growth of Pueraria phaseo/oides in soil 
100:0:2. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1 cm wide. 
252 
Chapter 4. Results and Discussion 
Plate 4.20. Effects of mycorrhizal additions on growth of Pueraria phaseo/oides in soil 
100:0:4. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1 cm wide. 
Plate 4.21 . Effects of mycorrhizal additions on growth of Pueraria phaseo/oides in soil 
100:0:6. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1cm wide. 
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Plate 4.22. Effects of mycorrhizal additions on growth of Pueraria phaseoloides in soil 
90:10:0. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1cm wide. 
Plate 4.23. Effects of mycorrhizal additions on growth of Pueraria phaseoloides in soil 
90:10:2. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1cm wide. 
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Plate 4.24. Effects of mycorrhizal additions on growth of Pueraria phaseo/oides in soil 
90:10:4. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1cm wide. 
Plate 4.25. Effects of mycorrhizal additions on growth of Pueraria phaseo/oides in soil 
90:10:6. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1 cm wide. 
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Plate 4.26. Effects of mycorrhizal additions on growth of Pueraria phaseoloides in soil 
80:20:0. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1cm wide. 
Plate 4.27. Effects of mycorrhizal additions on growth of Pueraria phaseoloides in soil 
80:20:2. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1 cm wide. 
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Plate 4.28. Effects of mycorrhizal additions on growth of Pueraria phaseoloides in soil 
80:20:4. No mycorrhizae (left}, inoculated (centre} and carrier only (right}. 
Scale bars are 1cm wide. 
Plate 4.29. Effects of mycorrhizal additions on growth of Pueraria phaseo/oides in soil 
80:20:6. No mycorrhizae (left}, inoculated (centre} and carrier only (right). 
Scale bars are 1 cm wide. 
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Plate 4.30. Effects of mycorrhizal additions on growth of Pueraria phaseo/oides in soil 
70:30:0. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1cm wide. 
Plate 4.31 . Effects of mycorrhizal additions on growth of Pueraria phaseoloides in soil 
70:30:2. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1cm wide. 
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Plate 4.32. Effects of mycorrhizal additions on growth of Pueraria phaseo/oides in soil 
70:30:4. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1cm wide. 
Plate 4.33. Effects of mycorrhizal additions on growth of Pueraria phaseoloides in soil 
70:30:6. No mycorrhizae (left), inoculated (centre) and carrier only (right). 
Scale bars are 1cm wide. 
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Figure 4.5. Fresh weights (g) of Tropical Kudzu (Pueraria phaseo/oides) grown in 
experimental soil mixes, together with those grown in natural soils 
(Rudua (sandy) and Rengam (kaolisol)). 
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Figure 4.6. Dry weights (g) of Tropical Kudzu (Pueraria phaseoloides) grown in experimental 
soil mixes, together with those grown in natural soils 
(Rudua (sandy) and Rengam (kaolisol)). 
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No mycorrflizae Inoculated Carrier 
Mean SD Significance Mean SD Significance Mean SD Significance 
100:0:0 0.0248 0.0030 1.8264 0.1579 0.0285 0.0064 NS 
100:0:2 0.0436 0.0282 NS 2.2563 0.2956 0.2589 0.0845 
100:0:4 0.0329 0.0053 NS 2.4479 0.3901 0.2342 0.0242 
100:0:6 0.0226 0.0097 NS 2.1235 0.7095 0.2990 0.0398 
90:10:0 0.1396 0.0414 NS 1.9782 0.4039 0.7350 0.2547 
90:10:2 0.0684 0.0185 NS 2.5502 0.1951 0.5824 0.2001 
90:10:4 0.0508 0.0198 NS 2.0409 0.6532 0.5309 0.1750 
90:10:6 0.0442 0.0089 NS 2.5253 0.1129 0.3998 0.1292 
80:20:0 0.1289 0.0202 NS 2.0619 0.5231 0.7418 0.1095 
80:20:2 0.0613 0.0206 NS 2.3472 0.5928 o.n11 0.1789 
80:20:4 0.0344 0.0168 NS 2.2966 0.1149 0.4798 0.1246 
80:20:6 0.0318 0.0081 NS 1.3960 0.4087 0.5655 0.1364 
70:30:0 0.1683 0.0476 NS 2.4266 0.1548 0.8710 0.2688 
70:30:2 0.0914 0.0147 NS 2.8886 0.3139 0.7751 0.1435 
70:30:4 0.0395 0.0135 NS 2.1259 0.6808 0.6954 0.2762 
70:30:6 0.0211 0.0079 NS 1.4850 0.3810 0.5219 0.0504 
Rudua 0.1301 0.0381 NS 
Rengam 2.2567 0.7893 
Table 4.57. Dry weights (g) of Pueraria phaseoloides compared with the control (100:0:0) 
(SO: Standard Deviation) Significant (*) or non-significant (NS) at P s;O.OS. 
Once agam, none of the basic amendments (clay and peat) resulted tn significantly 
improved growth (Plates 4.18 to 4.33. and Figures 4.5. & 4.6.). In contrast to Panicum, 
addition of peat did not have an enhancing effect, with each subsequent addition causing 
reductions in growth against the slight improvements produced by clay. The most dramatic 
effects were once more evident in the mycorrhizal treatments, with all plants grown with 
carrier or commercial inoculum being significantly larger than the control (with a single 
exception) (Table 4.57.). In carrier only soils, adding clay improved growth, but these 
improvements were negated by peat additions (following the same pattern as non-
mycorrhizal treatments). With only a single exception (I 00:0:0), plants grown with the 
inert carrier were larger than plants grown in equivalent non-mycorrhizal soils (Table 
4.58.). Responses to peat and clay were not so clear from inoculated plants, although all 
mycorrhizal specimens were larger than both their non-mycorrhizal equivalents, and those 
grown with the inert carrier medium (Table 4.58.). 
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B 
2.1235 
0.7095 
AvC 
B 
1.9782 
0.4039 
AvC 
B 
2.5502 
0.1951 
AvC 
B 
2.0409 
0.6532 
AvC 
B 
2.5253 
0.1129 
AvC 
Carrier 
c 
0.0285 
0.0064 
BvC 
c 
0.2589 
0.0845 
BvC 
c 
0.2342 
0.0242 
BvC 
c 
0.2990 
0.0398 
BvC 
c 
0.7350 
0.2547 
BvC 
c 
0.5824 
0.2001 
BvC 
c 
0.5309 
0.1750 
BvC 
c 
0.3998 
0.1292 
BvC 
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80:20:0 
Mean 
SD 
Contrast 
Significance 
80:20:2 
Mean 
SD 
Contrast 
Significance 
80:20:4 
Mean 
SD 
Contrast 
Significance 
80:20:6 
Mean 
SD 
Contrast 
Significance 
70:30:0 
Mean 
SD 
Contrast 
Significance 
70:30:2 
Mean 
SD 
Contrast 
Significance 
70:30:4 
Mean 
SD 
Contrast 
Significance 
70:30:6 
Mean 
SD 
Contrast 
Significance 
No 
Mycorrhizae Inoculated 
A 
0.1289 
0.0202 
AvB 
A 
0.0613 
0.0206 
AvB 
A 
0.0344 
0.0168 
AvB 
A 
0.0318 
0.0081 
AvB 
A 
0.1683 
0.0476 
AvB 
A 
0.0914 
0.0147 
AvB 
A 
0.0395 
0.0135 
AvB 
A 
0.0211 
0.0079 
AvB 
B 
2.0619 
0.5231 
AvC 
B 
2.3472 
0.5928 
AvC 
B 
2.2966 
0.1149 
AvC 
B 
1.3960 
0.4087 
AvC 
B 
2.4266 
0.1548 
AvC 
B 
2.8886 
0.3139 
AvC 
B 
2.1259 
0.6808 
AvC 
B 
1.4850 
0.3810 
AvC 
Carrier 
c 
0.7418 
0.1095 
BvC 
c 
0.7771 
0.1789 
BvC 
c 
0.4798 
0.1246 
BvC 
c 
0.5655 
0.1364 
BvC 
c 
0.8710 
0.2688 
BvC 
c 
0.7751 
0.1435 
BvC 
c 
0.6954 
0.2762 
BvC 
c 
0.5219 
0.0504 
BvC 
Table 4.58. Contrasts between dry weights (g) of Pueraria phaseo/oides in each 
experimental soil under two mycorrhlzal and one non-mycorrhizal treatments. 
Significant(*) or non-significant (NS) at P ,;;0.05 
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These mycorrhizal responses were not related to levels of root infection, and non-
inoculated plants were again infected by native fungi (Table 4.59.). 
Greenhouse soils Greenhouse soils 
No No 
Mycorrhlzae Inoculated Carrier Mycorrhlzae Inoculated Carrier 
100:0:0 0.00 10.03 0.00 80:20:0 0.00 2.68 3.55 
Mean 0.00 0.03 0.00 Mean 0.00 0.01 0.01 
so so 
100:0:2 0.00 7.50 0.00 80:20:2 0.70 19.05 5.23 
Mean 0.00 0.03 0.00 Mean 0.01 0.09 0.01 
so so 
100:0:4 0.00 4.26 0.00 80:20:4 0.00 7.06 1.16 
Mean 0.00 0.01 0.00 Mean 0.00 0.02 0.01 
so so 
100:0:6 0.00 6.92 0.00 80:20:6 0.00 4.15 0.00 
Mean 0.00 0.03 0.00 Mean 0.00 0.02 0.00 
so so 
90:10:0 0.00 33.18 5.48 70:30:0 0.00 0.00 3.93 
Mean 0.00 0.07 0.03 Mean 0.00 0.00 0.02 
so so 
90:10:2 0.00 5.52 0.59 70:30:2 0.00 4.69 1.73 
Mean 0.00 0.01 0.00 Mean 0.00 0.02 0.00 
so so 
90:10:4 0.00 4.79 0.00 70:30:4 1.64 2.17 0.85 
Mean 0.00 0.01 0.00 Mean 0.01 0.01 0.01 
so so 
90:10:6 0.00 7.18 0.00 70:30:6 0.00 1.28 3.75 
Mean 0.00 0.02 0.00 Mean 0.00 0.01 0.01 
so so 
Natural soils Natural soils 
Jambu (sandy soil) Rudua (sandy soil) 
Mean 0.00 Mean 0.00 
so 0.00 so 0.00 
Rusila (sandy soil) Rengam (kaolisol) 
Mean 0.00 Mean 0.95 
so 0.00 so 0.23 
Table 4.59. Root infection percentages of Pueraria phaseoloides grown in various artificial 
and natural soils. 
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Not only were non-inoculated plants found to be infected with mycorrhizae when grown in 
soils to which inert carrier had been added, but infection occurred in two basic soil mixes-
80:20:2 and 70:30:4. This may have been an artefact of the longer growing period 
allocated to Pueraria (three months, as against two for Panicum). The same range of native 
species was isolated from these non-inoculated soils (Scutellospora calospora, 
Acaulospora scrobiculata and Scutellospora heterogama), and their presence in basic soil 
mixes indicates that they might be more suited to local edaphic conditions than commercial 
species. Although the mycorrhizal treatments produced significant growth responses m 
Pueraria, the roles of peat and clay were also important (Table 4.60.). 
Factors and Interactions 
Clay 
Peat 
Mycorrhizae 
Clayx Peat 
Clay x Mycorrhizae 
Peat x Mycorrhizae 
Clay x Peat x Mycorrhizae 
Significance 
• 
• 
• 
Table 4.60. The statistical significance of experimental factors (and their interactions) upon 
dry weights of Puerarla phaseo/oides. 
Significant(*) or non-significant (NS) at P s0.001 
4.4.2. CHEMISTRY OF EXPERIMENTAL SOILS 
4.4.2.1. DATA 
Concentrations of various nutrient and trace elements in the three main components of the 
experi~ental greenhouse soils are given in Table 4.61. There was insufficient material to 
enable equivalent analyses of the mycorrhizal carrier and inoculum media, but the effects 
of these on the chemistry of the various artificial soils may be readily assessed from 
Figures 4.3. to 4.22. Discussion follows in Section 4.4.2.2. 
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Mehlich 3 Acid Digest 
Peat Sand Clay Peat Sand Clay 
pH H20 3.65 4.20 3.57 
Magnesium 177 1.18 58.2 282 25.8 290 
Aluminium 1700 127 1020 12300 3680 56500 
Phosphorus 0.23 0.30 1.26 1.46 13.2 72.5 
Sulphur 113 25.4 329 1690 20.2 501 
Potassium <0.01 5.05 14.5 243 205 1300 
Calcium 1670 13.0 74.1 2330 62.0 40.4 
Iron 170 18.8 169 1580 2490 3170 
Manganese 3.36 0.08 13.3 7.88 124 32.5 
Cobalt 0.11 0.02 0.54 0.64 1.41 2.40 
Nickel 0.10 <0.01 0.50 4.87 31 .3 13.3 
Copper <0.01 0.05 2.72 3.42 2.87 9.98 
Zinc 1.09 0.23 4.01 4.95 4.85 28.4 
Arsenic 0.17 0.05 0.17 2.96 3.06 <0.01 
Molybdenum <0.01 <0.01 <0.01 <0.01 2.95 0.71 
Tin 0.02 0.03 0.18 0.16 1.53 7.46 
Lanthanum 0.02 0.06 1.55 7.99 11 .2 14.3 
Cerium 0.01 0.13 2.99 14.5 24.5 33.5 
Lead 0.62 0.96 20.9 9.53 7.96 39.5 
Uranium 0.01 0.16 0.24 1.12 2.15 4.74 
Table 4.61. Mehlich 3 and strong acid digest extractable elements in sandy tailings, 
slimes and peat (~g g"1). (Mehlich 3 data are the mean of three tests, whereas only single 
acid digests were performed). 
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Figure 4.7. Mehlich 3 extractable aluminium in experimental and natural soils (~g g"1). 
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Figure 4.8. Mehlich 3 extractable iron in experimental and natural soils (J.Lg g"1). 
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Figure 4.9. Mehlich 3 extractable manganese in experimental and natural soils (J.Lg g·1). 
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Figure 4.10. Mehlich 3 extractable cobalt in experimental and natural soils (~g g·\ 
Nickel 
0.40 
0.35 
0.30 
5 0.25 ;> 
~ 0.20 c: g 
0.15 8 
0.10 ~ 0.05 
0.00 IJ 
0 N ~ CD 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 N ~ CD 0 N ~ CD 0 N '<t CD 
"' "' 0 0 0 0 0 0 0 0 g 0 g 0 Q) Q) ·c: ·c: 
.... .... .... .... N N N N <') <') ~ Q) g g g g g 0 g g 0 0 0 0 (/J CX) ,... ,... ,... ,... 
"' 
E :;, 
'0 Ill 
:;, 01 
a: c: Q) 
a: 
Soil Treatment (Percentages of Sand:Ciay:Peat) 
~No mycorrhizae -+-Inoculum """'*-Carrier c Natural Soils 
Figure 4.11. Mehlich 3 extractable nickel in experimental and natural soils (~g g·1). 
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Figure 4.12. Mehlich 3 extractable copper in experimental and natural soils (J.lg g"1). 
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Figure 4.13. Mehlich 3 extractable zinc in experimental and natural soils (J.lg g"1). 
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Figure 4.14. Mehlich 3 extractable arsenic in experimental and natural soils (!lg g'1). 
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Figure 4.15. Mehlich 3 extractable molybdenum in experimental and natural soils (!lg g'1). 
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Figure 4.16. Mehlich 3 extractable tin in experimental and natural soils (J.lg g"1). 
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Figure 4.17. Mehlich 3 extractable lanthanides (L lanthanum, cerium, praseodymium and 
neodymium) in experimental and natural soils (J.lg g"1) . 
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Figure 4.18. Mehlich 3 extractable lead in experimental and natural soils (~-tg g"1). 
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Figure 4.19. Mehlich 3 extractable uranium in experimental and natural soils (~-tg g·\ 
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Figure 4.20. pH H2o in experimental and natural soils. 
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Figure 4.21. Loss on ignition in experimental and natural soils (%). 
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Figure 4.22. Mehlich 3 extractable magnesium in experimental and natural soils (~g g'1). 
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Figure 4.23. Mehlich 3 extractable phosphorus in experimental and natural soils (~g g'1). 
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Figure 4.24. Mehlich 3 extractable sulphur in experimental and natural soils (flg g"1). 
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Figure 4.25. Mehlich 3 extractable potassium in experimental and natural soils (flg g"1). 
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Figure 4.26. Mehlich 3 extractable calcium in experimental and natural soils (f.lQ g"1). 
4.4.2.2. DISCUSSION 
It was possible to predict extractable concentrations of some elements from their presence 
in the soil components (Table 4.61.). Thus, additions of clay and peat resulted in increased 
levels of Mehlich 3 extractable aluminium (Figure 4.7.), sulphur (Figure 4.24.) and iron 
(Figure 4.8.). However, the extractability of other elements did not follow this trend. While 
adding clay tended to increase levels of lanthanides and uranium, the extractability of these 
elements was greatly reduced by additions of peat (Figures 4.17. & 4.19.). This indicates 
that the Mehlich 3 extractant did indeed reflect the plant availability of some elements -
rendered more available by increases in clay, but less so by adsorption onto organic matter. 
The affmity of metal ions for organic materials (such as fulvic or humic acids) varies. 
Kabata-Pendias & Pendias (200 1) provided a summary of the relative organic 
complexation tendency of various elements: U>Sn>Pb>Cu>Ni>Co>Fe>Zn>Mn, with 
elements to the left of this sequence being more tightly sequestered by organic additions. 
This was demonstrated in the Mehlich 3 extracts, as elements from U to Cu showed 
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decreasing extractability with increased organic content, while elements from Ni to Mn 
showed the opposite trend, merely increasing with their source materials (clay or peat). 
Levels of aluminium and sulphur also followed this pattern. 
In addition to these general trends, elemental extractability was (to some extent) governed 
by the mycorrhizal status of the soil mixes. This was particularly noticeable with 
magnesium, phosphorus, potassium, calcium and zinc: 
• Magnesium levels increased with additions of clay and peat (Figure 4.22.), but were 
consistently higher in those soils to which live inoculum had been added. Since the 
inoculum and inert carrier differed only in the presence of fungal propagules (including 
root fragments), the enhanced magnesium levels must be due to these components of 
the inoculum. 
• Root fragments m the mycorrhizal inoculum should also contain greater levels of 
calcium (Marschner, 200 I), and the same consistency should therefore have occurred 
between calcium levels in inoculated and carrier only soils. This was not the case 
(Figure 4.26.), with carrier only soils exhibiting greater enhancement in calcium levels 
with each addition of peat, perhaps due to the increased pH of these treatments (Figure 
4.20.). 
• The phosphorus response was different again, with concentrations being low in non-
mycorrhizal and carrier only soils, but consistently higher in inoculated treatments. 
This was probably due to phosphate retained by colonized root fragments within the 
inoculum, although the Increases with additional peat require further investigation 
(Figure 4.23 .). 
• Extractable zinc (Figure 4.13.) concentrations followed another trend. When no 
mycorrhizal earner medium was added, extractable zmc increased with successive 
additions of clay, adsorption by peat having no apparent reductive effect. However, 
when combined with the mycorrhizal treatments (carrier only or inoculum), then 
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concentrations of this element were buffered at a much lower level. This must have 
been due to the presence of zeolite in the carrier medium. Chlopecka and Adriana 
(2000) examined the effect of this mineral upon uptake of zinc (lead and cadmium) 
from various polluted soils by maize (Zea mays). In many cases, the zeolite resulted in 
significant reductions in uptake (and presumably, extractability) of all three elements. 
A soil extractant can provide only the broadest indication of elemental availability, since 
this varies from soil to soil and from plant species to plant speci.es. At present, there are no 
data to indicate whether extractable calcium (for example) levels in the non-mycorrhizal 
soils were sufficient or insufficient to supply crops grown on such soils, and a great deal 
more research needs to be undertaken before their Mehlich 3 chemistry can be properly 
related to plant availability. However, use of Mehlich 3 helped to confirm trends in 
element levels, and raised interesting research questions as to the fate of others. The 
reductions in extractable lanthanide and uranium levels with added peat were particularly 
noticeable, and may represent plant availability of these elements. The concentrations of 
molybdenum in Mehlich 3 extracts provide an example. While concentrations were below 
the detection limit for the technique used (Figure 4.15.), this did not represent an absence 
of this element from the substrate. 
One further factor was soil pH (Figure 4.20.), since this has a profound effect upon the 
availability of many elements. Reduced pH increases available levels of aluminium, 
manganese, iron, copper, zinc (Figure 2.12.) and trace elements such as lead (Kabata-
Pendias & Pendias, 2001). Perhaps most significant among these is the increase in 
aluminium, since it was present at levels far in excess of other potentially toxic elements, 
and its reductive effects on root productivity impact directly upon plant uptake of nutrients 
(Section 2.2.5.). Sandy tailings contained low concentrations of extractable aluminium 
(-1 0011g g" 1) when compared with peat and clay (1700 and 10001-!g g· 1 respectively), but 
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additions of peat and I or clay significantly increased the aluminium loading of sandy 
tailings. Aluminium concentrations in the kaolisol (Figure 4.7.) were greater than most 
experimental soils, and yet aluminium toxicity is not a significant factor in the natural 
colonization of this material. Raising the pH above 4. 7 causes significant reductions in the 
availability of aluminium, which precipitates as Al(OH)J between pH 4.7 and 7.5. (Sparks, 
1995), and as the two mycorrhizal treatments raised the pH of most experimental soils to 
within this range (Figure 4.20.), aluminium toxicity may no longer have represented a 
significant hindrance to plant establishment in these soils. Thus, raised pH, reduced trace 
element and aluminium availability, together with increased nutrient levels all enhanced 
growth of plants in substrates to which the mycorrhizal carrier had been added, whether 
inoculated or not. 
Rather than a straightforward case of increased clay and peat leading to increases in 
extractable elements, the interaction between the soil components was complex and 
compounded by the mycorrhizal treatments, which in some cases had little effect on soil 
chemistry, and in others increased or decreased availability of certain elements. 
4.4.3. CHEMISTRY OF PLANTS GROWN ON EXPERIMENTAL SOILS 
The low final weights of Panicum miliaceum and Pueraria phaseoloides (Tables 4.53. and 
4.57.) meant that it was impossible to perform separate analyses on each replicate from 
each treatment. Instead, all replicates from a single treatment were combined for analysis. 
However, the greater growth of Pueraria phaseoloides enabled duplicate analyses to be 
performed on most treatments. The resulting Pueraria data were compared statistically but 
must be viewed with caution - since each variable contained only two data points 
(Appendix J). 
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4.4.3 .1. PANICUMMILIACEUM 
The chemistry of plants grown on each artificial soil (together with specimens grown on 
natural soils (one sandy (Rudua Series) and one kaolisol (Rengam Series)) are presented in 
Figures 4.27. to 4.43. Since replication was limited, the data for similar mycorrhizal 
treatments across all soil types were pooled and compared to provide overall indications of 
the impact ofmycorrhizal treatments on plant chemistry (Table 4.62.). 
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Figure 4.27. Magnesium content of Panicum miliaceum grown in experimental and natural 
soils (llg g"1). 
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Figure 4.28. Aluminium content of Panicum miliaceum grown in experimental and natural 
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Figure 4.29. Phosphorus content of Panicum miliaceum grown in experimental and natural 
soils (J.lg g·\ 
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Figure 4.30. Sulphur content of Panicum miliaceum grown in experimental and natural soils 
(!l9 g"1). 
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Figure 4.31. Potassium content of Panicum miliaceum grown in experimental and natural 
soils (!l9 g"1). 
281 
Chapter 4. Results and Discussion 
Calcium 
4500 
4000 
3500 
c: 3000 g 
~ 2500 
c: 
~ 2000 c 
8 1500 
1000 
500 c 
0 -. .- T ,..-
0 N ~ <0 0 N ~ <0 
0 0 0 0 0 0 0 0 
8 8 0 8 ..... ..... ..... 0 g 0 g 0 0) 0) 
0 N ~ <0 0 N ~ <0 
"' "' 0 0 0 0 0 0 0 0 -~ Q) ·c: N N N N <') <') <') <') Q) ~ 0 0 0 0 0 0 0 0 en 
CO CO CO CO 1'- 1'- 1'- 1'- ~ E 
-o Ill 
::;J g> 
a:: Q) 
a:: 
Soil Treatment (Percentages of Sand:Ciay:Peat) 
-+-No mycorrhlzae ~Inoculum -M-Carrier c Nat~n~l soils 
Figure 4.32. Calcium content of Panicum miliaceum grown in experimental and natural soils 
((Jg g'1). 
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Figure 4.33. Iron content of Panicum miliaceum grown in experimental and natural soils 
((Jg g'1). 
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Figure 4.34. Manganese content of Panicum miliaceum grown in experimental and natural 
soils (Jlg g"1). 
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Figure 4.35. Cobalt content of Panicum miliaceum grown in experimental and natural soils 
(Jlg g"1). 
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Figure 4.36. Nickel content of Pan/cum miliaceum grown in experimental and natural soils 
(f.l9 g"1). 
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Figure 4.37. Copper content of Panicum miliaceum grown in experimental and natural soils 
(f.l9 g"1). 
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Figure 4.38. Zinc content of Panicum miliaceum grown in experimental and natural soils 
(J.Lg g-1). 
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Figure 4.39. Arsenic content of Panicum miliaceum grown in experimental and natural soils 
(J.Lg g-1). 
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Figure 4.40. Molybdenum content of Panicum miliaceum grown in experimental and natural 
soils (!lg g·\ 
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Figure 4.41. Lanthanide (L lanthanum, cerium, praseodymium and neodymium) content of 
Panicum miliaceum grown in experimental and natural soils (Jl9 g·\ 
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Figure 4.42. Lead content of Panicum miliaceum grown in experimental and natural soils 
(Jlg g·1). 
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Figure 4.43. Uranium content of Panicum miliaceum grown in experimental and natural soils 
(Jlg g·1). 
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NS 
c 
0.20 
0.10 
BvC 
NS 
c 
0.67 
0.42 
BvC 
NS 
c 
0.02 
0.02 
BvC 
NS 
Table 4.62. Contrasts in foliar chemistry (llg g"1) of Panicum miliaceum grown under three mycorrhizal 
regimes. Significant(*) or non-significant (NS) at PsO.OS. SO: Standard Deviation. 
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The data for acid extractable concentrations of various elements were determined in 
specimens of Panicum mi/iaceum grown on sandy tailings amended with vanous 
mycorrhizal treatments and percentages of both clay and peat (Figures 4.27. to 4.43. and 
Table 4.62.). The results are discussed below: 
• Magnesium. Leaf concentrations of magnesium followed Mehlich 3 extractability, with 
additional availability and uptake with both peat and clay additions. However, 
inoculated plants contained greater concentrations than carrier only plants, which 
contained greater concentrations than those grown in basic soil mixtures. Since the 
concentration in mycorrhizal specimens was greater than those grown with the carrier 
medium, this cannot be an artefact of the medium itself, suggesting mycorrhizal-
mediated magnesium uptake. 
• Aluminium. Concentrations under mycorrhizal treatments were consistently low, 
indicating that the mycorrhizal carrier medium buffered aluminium availability, either 
through the aegis of zeolite, or through raised pH. ln the non-mycorrhizal soil mixes, 
concentration varied with peat and clay additions. Uptake generally increased with 
clay, but was then reduced with peat. However, this mechanism seems to have failed 
once clay levels reached 30%. This could have been due to saturation of organic 
adsorption sites (rendering aluminium increasingly available) or failures in the 
selective uptake ability of root membranes under such conditions. 
• Phosphorus. Mycorrhizae are widely reported to improve the phosphorus nutrition of 
their host plants in phosphorus-poor soils, and this was repeated here. All inoculated 
plants had significantly greater contents of phosphorus than non-mycorrhizal and 
carrier-only plants. That this improvement was apparent only in inoculated plants 
demonstrated that the mycorrhizal fungi were responsible for increased phosphorus 
contents. 
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• Sulphur. The overall pattern of concentrations was similar to that of aluminium, with 
increased clay resulting in increased uptake, with peat having the opposite effect - up 
to a saturation point of 30% clay, past which uptake was no longer reduced by the 
presence of peat. Overall, non-mycorrhizal plants had greater contents of this element 
than inoculated and carrier only specimens. This may have been a response to trace 
element stress, since such conditions often trigger the synthesis of phytochelatin 
compounds- based upon sulphur-rich glutathione molecules (Tomaszewska, 2002). 
• Potassium. Concentrations· of potassium were difficult to interpret, but suggested an 
overall increase with clay, complemented by a reduction with added peat. However, 
concentrations in both mycorrhizal treatments were significantly greater than from non-
mycorrhizal soils, following the trend for Mehlich 3 extractable levels of this element. 
• Calcium. There were no (overall) significant differences in the presence of calcium 
under any mycorrhizal regime, despite its greater extractability in the carrier medium 
(Figure 4.26.). Concentrations were generally greater with each addition of peat, clay 
having a less significant impact. 
• Iron. Iron contents were variable, with an anomalous peak in non-mycorrhizal plants 
grown in soil 90: I 0:2, which did not reflect the soil chemistry. However, it still 
followed the same trend as aluminium and sulphur, with reduced uptake by non-
mycorrhizal plants as levels of peat increased - until 30% clay was added. After this 
point additional peat increased foliar levels of these elements. Concentrations in 
inoculated and carrier only plants were significantly and consistently lower, with little 
to separate them. 
• Manganese. Foliar concentrations of manganese also followed the aluminium, sulphur 
and iron trend in non-mycorrhizal plants. Although concentrations were generally 
buffered at constant levels under both mycorrhizal regimes, they were consistently 
higher in mycorrhizal plants, suggesting increased uptake by mycorrhizal fungi. 
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• Cobalt, Nickel and Zinc. Patterns for these elements were similar. Although their total 
content increased with clay additions, this was significantly and sequentially reduced 
by peat- until 30% clay was reached, at which point the peat no longer had a reductive 
effect on their availability. Uptake under mycorrhizal treatments was significantly and 
consistently lower. 
• Copper. Concentrations of copper were consistently greater under inoculated and 
carrier treatments., while they were reduced in non-mycorrhizal plants as soil organic 
content rose, but this was more evident in soils with lower clay contents. 
• Arsenic. Arsenic concentrations decreased slightly with additions of clay, but these 
were negated by additions of peat, which greatly increased its concentration across all 
three mycorrhizal treatments. Sesquioxides in the added clay may have adsorbed and 
reduced uptake of arsenic in less organic soils, but this mechanism was unable to 
counter increasing availability with added peat. Although not apparent once soil clay 
contents reached 20%, concentrations in mycorrhizal plants were sometimes greater 
than all others, suggesting that mycorrhizal fungi might actually increase availability of 
this element to their hosts. 
• Molybdenum. Despite the lack of this element in Mehlich 3 extracts (Figure 4.15.), it 
was present in all plants. Concentrations in non-mycorrhizal plants again increased 
with clay, but were reduced by peat, until soils contained 30% clay. Concentrations in 
mycorrhizal and carrier only plants were also reduced by peat, until soils contained 
20% clay, at which point uptake seems to have been buffered to a consistent level. 
• Lanthanides, Lead and Uranium. These all followed similar patterns. Plants grown in 
inoculated or carrier only soils contained significantly lower levels of these elements 
when compared with non-mycorrhizal plants, reflecting their increased pH. When 
grown without mycorrhizal treatment, plant uptake was again affected by peat - with 
increased organic content causing reduced uptake. A 'point of no return' for peat 
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buffering of these elements was once more reached when clay content reached 30%, 
after which the foliar concentrations began to rise with added peat. 
Unlike the growth responses, the chemical status of Panicum miliaceum did not vary in 
concert with mycorrhizal treatment, although there were a limited number of exceptions: 
uptake of phosphorus and magnesium were both increased by the symbiosis, as were (less 
obviously) manganese, sulphur and arsenic. The increased concentration of arsenic was of 
some concern, and may reflect an inability of the mycorrhizal uptake mechanisms to 
distinguish between phosphate and arsenate (Meharg et al, 1994). However, this does not 
seem to have impacted upon overall performance of these plants, which were consistently 
larger than non-mycorrhizal specimens. The carrier medium itself also impacted greatly 
upon soil chemistry, with concentrations of many elements similar in plants grown in 
inoculated and carrier only soils. The effects on plant chemistry of using native (or 
commercial) mycorrhizal inoculum at field pH should be further investigated, as should the 
buffering effects of zeolite. 
The foliar concentrations of many elements were affected by both clay and peat, with 
additional clay tending to increase aluminium, iron, manganese, cobalt, nickel, zinc, 
copper, molybdenum, lanthanide, lead and uranium concentrations, which were counter-
acted by added peat. This reflects the ability of organic acids and other functional organic 
groups to adsorb metal ions and reduce their availability. However, this mechanism 
seemed to fail once levels of clay in experimental soils reached 30%. Thereafter, the 
efficacy of peat was much reduced. Whether this was due to the inability of peat to buffer 
further trace element additions, or whether it was due to physiological breakdown of the 
plant roots requires further investigation. Generally, adding clay increased foliar 
concentrations of trace elements, while adding peat reduced them. Use of slimes to 
improve the nutrient and water retention status of sandy tailings cannot therefore be 
292 
Chapter 4. Results and Discussion 
recommended - at least for the growth of Panicum miliaceum. However, use of peat was 
largely beneficial, since it reduced foliar concentrations of many potentially toxic 
elements. 
Uptake of many elements (nutrient and trace) was greater from the artificial than natural 
soils, although concentrations of arsenic absorbed from the sandy Rudua soil were greater 
than in most plants grown on amended sandy tailings (Figure 4.39.). 
Without further trials, it is impossible to state that trace element contamination of sandy 
tailings reduced plant growth. However, comparing the chemistry of Panicum miliaceum 
with that of a generalized agronomic crop species does identify potential excesses in foliar 
content of some elements (Table 4.63.). 
Mycorrhizal Treatment 
Sufficient Excessive Tolerable None Carrier Inoculated 
As 1 -1.7 5-20 0.23 <0.01- 0.57 0.09-0.40 0.10-0.73 
Co 0.02-1 15-50 5 0.29-16.0 0.10-0.44 0.23-0.78 
Cu 5-30 20- 100 5-20 0.95-9.92 3.92- 14.3 4.75-12.1 
Mn 30-300 400-1000 300 26-253 23-109 34-160 
Mo 0.2-5 10-50 <0.01- 3.28 1.78-8.70 1.39-5.56 
Ni 0.1-5 10- 100 1 -10 0.60-22 0.50-2.70 0.69-2.68 
Pb 5-10 30-300 0.5- 10 0.45-15.8 <0.01 - 1.44 <0.01 - 1.60 
Zn 27-150 100-400 50- 100 42-197 29-68 40- 135 
Table 4.63. Foliar concentrations of various elements in Panicum miliaceum compared with 
sufficient, excessive and tolerable levels (J.lg g·') of those elements averaged across a range 
of crop species (Kabata-Pendias & Pendias, 2001). 
(• Expressed on a fresh weight basis). 
Trace element contents of Panicum miliaceum were generally within acceptable limits. 
Exceptions were the cobalt, nickel, lead and zinc contents of plants grown without 
mycorrhizal amendment. However, these exceptions were not common to all plants grown 
on artificial soils, as adding peat produced plants with trace element concentrations at 
lower, acceptable concentrations. 
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4.4.3.2. PUERARIA PHASEOLOIDES 
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Figure 4.44. Magnesium content of Pueraria phaseo/oides grown in experimental and 
natural soils (~g g'1). 
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Figure 4.45. Aluminium content of Pueraria phaseoloides grown in experimental and natural 
soils (~g g'1). 
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Figure 4.46. Phosphorus content of Pueraria phaseo/oides grown in experimental and 
natural soils (~g g"1). 
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Figure 4.47. Sulphur content of Pueraria phaseo/oides grown in experimental and natural 
soils (~g g"1). 
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Figure 4.48. Potassium content of Pueraria phaseoloides grown in experimental and natural 
soils (f.lg g·1). 
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Figure 4.49. Calcium content of Pueraria phaseoloides grown in experimental and natural 
soils (f.lg g"1). 
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Figure 4.50. Iron content of Pueraria phaseo/oides grown in experimental and natural soils 
(f..lg g"1). 
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Figure 4.51. Manganese content of Pueraria phaseoloides grown in experimental and natural 
soils (f..lg g"1). 
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Figure 4.52. Cobalt content of Pueraria phaseoloides grown in experimental and natural 
soils (!lg g"1). 
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Figure 4.53. Nickel content of Pueraria phaseoloides grown in experimental and natural 
soils (1-19 g"1). 
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Figure 4.54. Copper content of Pueraria phaseoloides grown in experimental and natural 
soils (f.lg g"1). 
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Figure 4.55. Zinc content of Pueraria phaseo/oides grown in experimental and natural soils 
(f.lg g"1). 
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Figure 4.56. Arsenic content of Pueraria phaseoloides grown in experimental and natural 
soils (llg g"1). 
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Figure 4.57. Molybdenum content of Pueraria phaseo/oides grown in experimental and 
natural soils (llg g"1). 
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Figure 4.58. Lanthanide (:L lanthanum, cerium, praseodymium and neodymium~ content of 
Pueraria phaseoloides grown in experimental and natural soils (J.lg g· ). 
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Figure 4.59. Lead content of Pueraria phaseoloides grown in experimental and natural soils 
(J.lg g"1)-
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Figure 4.60. Uranium content of Pueraria phaseo/oides grown in experimental and natural 
soils (~g g"1). 
No No 
Mycormizae Inoculated Carrier Mycormizae Inoculated Carrier 
Magnesium A B c Nickel A B c 
Mean 3780 1600 1680 Mean 25.5 2.33 2.11 
so 1090 152 287 so 13.6 0.71 0.60 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance NS SignifiCance NS 
Aluminium A B c Copper A B c 
Mean 1860 316 333 Mean 22.7 8.06 14.5 
so 1040 69.6 130 so 9.81 1.06 3.85 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance NS Significance 
Phosphorus A B c Zinc A B c 
Mean 2480 1050 964 Mean 239 44.1 53.6 
so 1340 149 169 so 54.2 4.32 6.77 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Signifteance NS Significance NS 
Table 4.64a. Contrasts in foliar chemistry (~g g"1) of Pueraria phaseoloides grown under 
three mycorrhizal regimes. SO: Standard Deviation. 
Significant(*) or non-significant (NS) at Ps 0.05. 
302 
Chapter 4. Results and Discussion 
Sulphur A B c Arsenic A B c 
Mean 12700 2120 4630 Mean 0.59 0.36 0.30 
so 3790 254 1750 so 0.28 0.10 0.06 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance Significance NS 
Potassium A B c Molybdenum A B c 
Mean 35200 26300 28100 Mean 13.0 1.70 29.3 
so 10700 2100 5190 so 4.01 0.49 38.8 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance NS Significance NS NS 
Calcium A B c Tin A B c 
Mean 7450 15100 18900 Mean 0.04 0.07 0.05 
so 2640 1390 2260 so 0.05 0.07 0.04 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance Significance NS NS NS 
Iron A B c Lanthanides A B c 
Mean 460 186 221 Mean 9.88 1.96 0.97 
so 273 13.6 130 so 8.09 1.15 0.50 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance NS Significance NS 
Manganese A B c Lead A B c 
Mean 738 231 164 Mean 22.6 3.55 2.97 
so 244 72.2 57.9 so 20.3 0.87 0.95 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance NS Significance NS 
Cobalt A B c Uranium A B c 
Mean 4.84 0.84 0.59 Mean 0.40 0.05 0.05 
so 1.82 0.16 0.14 so 0.62 0.03 0.03 
Contrast AvB AvC BvC Contrast AvB AvC BvC 
Significance NS Significance NS 
Table 4.64b. Contrasts in foliar chemistry (~g g'1) of Pueraria phaseoloides grown under 
three mycorrhizal regimes. SO: Standard Deviation. 
Significant(*) or non-significant (NS) at P .s0.05. 
The data for acid extractable concentrations of various elements were determined in 
specimens of Pueraria phaseoloides grown on sandy tailings amended with vanous 
mycorrhizal treatments and percentages of both clay and peat (Figures 4.44. to 4.60. and 
Tablt: 4.64.). The results are discussed below: 
• Magnesium. Magnesium concentrations were consistently low in both inoculated and 
carrier only plants. In non-mycorrhizal soils it increased with additional clay, but to a 
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greater extent with additional peat- in line with the relative Mehlich 3 extractability of 
this element from the two materials. 
• Aluminium. Aluminium concentrations were also consistently low in inoculated and 
carrier only plants. Concentrations in non mycorrhizal plants were much greater, 
although they didn't follow a particular pattern. Although peat reduced aluminium 
uptake in sandy tailings, this reductive effect was no longer apparent in slimed tailings. 
• Phosphorus. Inoculated Pueraria completely lacked the expected phosphorus response. 
Indeed, the effects of the carrier medium and inoculum were (overall) not significantly 
different. This may reflect a relative dilution effect - mycorrhizal plants being 
generally larger than non-mycorrhizal, and thence absorbing relatively more 
phosphorus from the same volume of soil, to produce plants in which its concentration 
did not differ. Given the general problems encountered when using the commercial 
mycorrhizal inoculum (with its carrier medium) clarity as to the precise role of 
mycorrhizal fungi at field pH should be obtained by further, more sophisticated 
experiments, perhaps based upon the separate root and hypha! compartment approach 
adopted by G~orge at al., 1994. 
• Sulphur. Sulphur levels in non-mycorrhizal plants were significantly greater than those 
of inoculated and carrier only specimens, and increased with both clay and peat 
additions - perhaps reflecting phytochelatin synthesis as a result of trace element 
stress. Inoculated specimens contained consistently lower concentrations than carrier 
only plants (Table 4.64.), suggesting a mycorrhizal reduction in uptake of this element. 
• Potassium. Concentrations of potassium were generally consistent in carrier only and 
mycorrhizal plants, being significantly lower than those ofnon-mycorrhizal specimens. 
In these latter, concentrations rose with additions of clay, but were subsequently 
reduced by peat, in a more marked fashion than exhibited in Panicum. This may be 
indicative of increased competition for root uptake sites by ions such as aluminium. 
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• Calcium. Unlike the Panicum response, which indicated no difference between 
treatments, inoculated and carrier only Pueraria contained significantly higher 
concentrations of calcium than non-mycorrhizal plants, and were consistent across all 
s~ils. However, calcium concentrations were significantly lower in mycorrhizal plants, 
perhaps reflecting increased uptake of this element as an aluminium tolerance response 
by carrier only plants. ln non-mycorrhizal plants calcium increased with additions of 
peat, with clay having no apparent effect. 
• Iron. Foliar concentrations of iron were again consistent and lower in carrier only and 
mycorrhizal plants. In non-mycorrhizal plants, concentrations did not seem to follow a 
pattern, suggesting that they may have been contaminated by their growing media 
before harvest. However, if this were the case, then concentrations of other elements 
(such as aluminium) should have followed similar trends - which they did not. Further 
investigation will be required. 
• Manganese. Manganese concentrations increased with additions of clay and peat m 
non-mycorrhizal plants, although this effect became less apparent at higher levels of 
clay. Uptake by carrier only and mycorrhizal specimens was significantly lower and 
consistent, again reflecting the improve nutrient status of these soils and the buffering 
capacity of the mycorrhizal medium. 
• Cobalt, Nickel and Zinc. Uptake of these elements were similar. Concentrations in 
inoculated and carrier only treatments were consistently low and unaffected by clay or 
peat additions. However, in non-mycorrhizal specimens, peat and clay were both 
important: increases in clay produced small increases, which were offset by peat, which 
significantly reduced their uptake- up to and including those incorporating 20% clay. 
At 30% clay, the buffering effect of peat began to fail, and plant concentrations 
shadowed those of the soils in the same way as observed in Panicum. 
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• Copper. Concentrations in inoculated and carrier only plants were consistent, and lower 
than non-mycorrhizal plants. However, levels in inoculated plants were significantly 
lower than those grown with the carrier medium, suggesting mycorrhizal retention of 
this element (George, Riimheld & Marschner, 1994), preventing host uptake and 
translocation. In non-mycorrhizal specimens, copper levels increased with both clay 
and peat, the adsorptive abilities of peat less in evidence than with Panicum, suggesting 
differences in the rhizosphere chemistry of the two species. 
• Arsenic. There was no repeat of the accumulation of this element in mycorrhizal plants, 
with carrier only and inoculated specimens containing consistently low concentrations. 
Arsenic uptake in non-mycorrhizal plants was higher, but reduced by peat additions in 
tailings without clay. Once slimed, foliar concentrations were relatively consistent 
regardless of peat levels. 
• Molybdenum. Aside from the anomalous concentration of this element in the carrier 
only (100:0:0) treatment, concentrations were consistent and low across all treatments. 
However, uptake by mycorrhizal plants was significantly lower than carrier only 
specimens, indicating fungal reductions in plant uptake of this element. 
• Lanthanides, Lead and Uranium. Clear and similar trends were visible for alJ of these 
elements. In inoculated and carrier only soils, foliar concentrations were all very low 
and consistent across soil treatments. In non-mycorrhizal plants, increased clay levels 
had little effect on lanthanides or uranium, but considerably increased lead 
concentrations. However, adding peat to these soils dramatically reduced 
concentrations of all three. 
Addition of clay and peat had vanous effects upon the foliar chemistry of Pueraria 
phaseoloides, although these were more significant for non-mycorrhizal plants. Plants 
grown in carrier only and inoculated soils exhibited remarkably consistent foliar 
concentrations across all soil treatments, reflecting the improved chemical status of these 
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soils due to the carrier medium - and possible buffering effects of zeolite. However, 
mycorrhizal inoculation did produce some observable effects in the reduction of sulphur, 
calcium, copper and molybdenum. These may have been due to foliar dilution effects (with 
mycorrhizal specimens being larger than others) or due to mycorrhizal retention of these 
elements. Further experimental work would be required to elucidate the precise role of 
mycorrhizal fungi in the uptake of these elements by Pueraria phaseoloides. 
There was also no observable increase in foliar arsenic or (surprisingly) phosphorus levels. 
Despite this absence of apparent nutritional benefit, mycorrhizal specimens were all larger 
than non-mycorrhizal, and other mechanisms may have been responsible - such as 
improved nitrogen nutrition. Commercial mycorrhizal cultures are often maintained on 
leguminous hosts (J.C. Dodd, personal communication.), and since root material of these 
plants form part of the inoculum, mycorrhizal inoculation may cause rhizobia! eo-
inoculation. Inoculated plants certainly supported far greater numbers of root nodules than 
non-mycorrhizal specimens, and might therefore have had improved nitrogen nutrition, 
compared with non-inoculated plants. 
The foliar chemistry of non-mycorrhizal plants was very different, and responded more to 
changes in soil clay and peat levels. The effects of organic reduction in trace element 
uptake were less obvious than for Panicum, although potassium, nickel, cobalt, zinc, 
lanthanide, lead and uranium concentrations all declined as levels of peat were increased. 
Adding clay increased magnesium, phosphorus, sulphur, potassium, manganese, cobalt, 
nickel, zinc and lead uptake, although some of these responses were subsequently offset by 
added peat. The breakdown in root selectivity proposed for Panicum was also less evident 
in Pueraria, although a similar mechanism may have been responsible for the reduced 
effectiveness of peat in reducing aluminium, cobalt, copper and zinc uptake. 
Further trials are necessary to determine the precise effects of trace element uptake on 
plant growth, as the poor growth of Pueraria phaseoloides on these artificial soils may be 
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due to their low nutrient status rather than trace element toxicity. However, comparing 
their chemistry with that of a generalized crop does identify potential excesses in foliar 
content of manganese, molybdenum, nickel, lead and zinc (Table 4.65.). These would 
largely be eliminated by removing slimes from the experimental substrates. 
Mycorrhizal Treatment 
Sufficient Excessive Tolerable None Carrier Inoculated 
As 1 -1.7 5-20 0.28 0.33- 1.42 0.24-0.47 0.24-0.60 
Co 0.02-1 15-50 5 1.75-7.71 0.36-0.81 0.49-1.15 
Cu 5-30 20-100 5-20 6.91-39.3 5.78-20.3 6.67-10.5 
Mn 30-300 400-1000 300 268- 1058 66-258 79-408 
Mo 0.2-5 10-50 6.64- 18.7 8.84-171 0.82-2.78 
Ni 0.1-5 10- 100 1 -10 5.24-52.8 1.14-3.38 1.28-3.76 
Pb 5-10 30-300 0.5- 10 3.05-77.6 1.45-4.78 2.11-5.12 
Zn 27-150 100-400 50- 100 139-326 44-69 34-50 
Table 4.65. Foliar concentrations of various elements in Pueraria phaseoloides compared 
with sufficient, excessive and tolerable levels (,...g g"1) of those elements averaged across a 
range of crop species (Kabata-Pendias & Pendias, 2001). 
(" Expressed on a fresh weight basis). 
The interactive effects of mycorrhizal fungi and rhizobia upon Pueraria performance on 
these artificial soils also require further investigation to determine whether the observed 
nodules were effective at fixing nitrogen, whether nodulation or mycorrhizal infection 
could be achieved in soils at their field pH, and how plants perform in the longer term, 
since nutrient deficiencies were clearly visible in many plants (Plate 4.32.), and such 
deficiencies might be exacerbated over time. 
4.4.3.3. SUMMARY 
Under experimental conditions, the response of Panicum mi/iaceum and Pueraria 
phaseoloides to clay and peat amendments of sandy tailings was extremely poor. Plant 
grow1h was equally poor on the natural sandy soil (Rudua Series), but significantly better 
on the kaolisol (Rengam Series), but in all cases (except arsenic uptake by Panicum from 
the Rudua soil), uptake of trace elements by both species was greater from artificial soils. 
308 
Chapter 4. Results and Discussion 
There is a need to further investigate the growth and chemical response of these (and other) 
species grown on sandy tailings under mycorrhizal conditions, since the experimental 
mycorrhizal carrier medium was observed to significantly raise soil pH, simultaneously 
reducing the availability of many trace elements whi le increasing availability of nutrient 
elements. Zeolite in the medium also bad significant buffering effects on trace element 
availability, and there is a need to separate this from the effects of pH manipulation. 
Eliminating these soil chemical anomalies would clarify the role of mycorrhizal fungi in 
growth of Panicum and Pueraria on sandy tailings, although at present it seems that such 
fungi increase foliar concentrations of P, Mn, Mg, S and As in Panicum, while reducing 
the concentrations of S, Ca, Cu and Mn in Pueraria. However, in both species, there was a 
net growth benefit as a result mycorrhizal inoculation, over and above that obtained by use 
of the carrier medium alone. It bad been feared that the ability of organic matter to adsorb 
trace elements might be compromised by use of mycorrhizae, which preferentially colonize 
such material. This was not observed under greenhouse conditions, with availability of 
many trace elements reduced by organic additions, but not increased by mycorrbizal 
inoculation. 
Under field conditions, it 1s likely that some plants grown on sandy tailings will 
accumulate trace elements within their foliage, including arseruc, lead and uraruum. 
Whether these elements are translocated to and selectively accumulated within edible plant 
tissues would require investigation of specific crops. Given the variable distribution of 
trace elements within and between different areas of sandy tailings, the risk for their 
accumulation will also vary geographically. Whether trace element uptake could be 
reduced through improvement in soil nutrient status is unknown, but as uptake of many 
elements is a function of their relative concentration and antagonistic tendencies, crops 
which are well-supplied with macro and micronutrients are less likely to accumulate trace 
e lements. Establishing tree crops (for fruit or timber production) on sandy tailings 
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normally requires incorporation of large volumes of organic matter at the time of planting, 
and this would dramatically reduce trace element availability, although the effects will 
again vary between crops (as peat seemed to increase arsenic concentrations in Panicum, 
but have little impact on Pueraria). 
4.4.4. MEHLICH 3 AVAILABILITY AND PLANT UPTAKE FROM EXPERlMENTAL SOILS 
Use of the Mehlich 3 extractant to estimate nutrient and trace element availability to 
Melastoma ma/abathricum was largely unsuccessful, with poor correlation between soil 
and foliage extracts (Table 4.50.). Melastoma is unusual in being a hyper-accumulator of 
aluminium (Osaki, Watanabe & Tadano, 1997), and its ability to selectively 
compartmentalise aluminium within its foliage may indicate other physiological 
specialities that preclude the use of a simple multi-element extractant to predict its uptake 
chemistry. To examine whether this were true of plants grown in experimental soils, the 
foliar and soil chemistry of Panicum miliaceum and Pueraria phaseo/oides were 
correlated. Since each plant digest was only replicated a maximum of twice for Pueraria 
and not at all for Panicum, it was not possible to correlate plant and soil chemistry within 
individual soil treatments. Instead, data for all plants grown under a given mycorrhizal 
treatment were combined and compared with the equivalent soils. 
4.4.4.1. P AN/ CUM MILIACEUM 
Correlations were better than those established for Me/astoma, but there was still variation 
among mycorrhizal treatments and individual elements. They were better for non-
mycorrhizal plants, with the exception (based on a minimum correlation of R2 = 0.30) of 
potassium, iron, arsenic and tin. Concentrations of these elements, together with calcium, 
cobalt, nickel, praseodymium and lead in mycorrhizal plants were all poorly correlated 
with their concentrations in Mehlich 3 soil extracts. Foliar concentrations of other elements 
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were well correlated for one mycorrhizal treatment, but not the other, with no consistency 
in this pattern. Thus, magnesium content of inoculated plants was poorly correlated with 
soil chemistry, while zinc content was well correlated with carrier only soils, but not those 
which were also inoculated. However, uptake of uranium across all treatments may be 
predicted with some accuracy (R2 = 0.56 to 0.65), as may uptake of lead from non-
mycorrhizal soils (Table 4.66.). 
Magnesium Sulphur 
Plant No mycontlizae Inoculated Carrier only Plant No mycontlizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 745 1710 1260 Mean 8090 4650 3240 
so 246 384 238 so 3100 1740 1210 
Soil No mycontlizae Inoculated Carrier only Soil No mycontlizae Inoculated Carrier only 
Mean 27.5 61 .8 24.6 Mean 179 185 206 
so 16.6 72.7 11 .5 so 97.2 107 121 
p <0.01 0.05 <0.01 p <0.0001 <0.01 <0.01 
R2 0.66 0.25 0.59 R2 0.73 0.66 0.65 
Aluminium Potassium 
Plant No mycorrhizae Inoculated Carrier only Plant No mycontlizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 1240 121 89.5 Mean 17600 22200 24600 
so 965 79.3 48.2 so 1610 5120 6130 
Soil No mycontlizae Inoculated Carrier only Soil No mycontlizae inoculated Carrier only 
Mean 485 448 420 Mean 31.6 428 432 
so 224 185 178 so 21 .9 142 166 
p <0.01 <0.01 0.10 p 0.88 0.59 0.30 
R2 0.59 0.49 0.18 R2 0.00 0.02 0.08 
Phosphorus Calcium 
Plant No mycorrhizae Inoculated Carrier only Plant No mycontlizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 1440 4230 1380 Mean 1790 2020 2260 
so 351 1380 255 so 884 514 274 
Soil No mycontlizae Inoculated Carrier only Soil No mycontlizae Inoculated Carrier only 
Mean 0.96 2.93 0.77 Mean 130 781 1380 
so 0.42 0.73 0.28 so 81.4 360 630 
p 0.03 <0.01 0.06 p <0.01 0.17 0.12 
R2 0.30 0.64 0.23 R2 0.60 0.13 0.16 
Table 4.66a. Correlations between Mehlich 3 soil chemistry and leaf chemistry of Panicum 
miliaceum grown under three mycorrhizal regimes. Concentrations in J.lg g·1• 
Probability of correlation (p), correlation coefficient (R2) and standard deviation (SO). 
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Iron Copper 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 103 45.2 45.3 Mean 4.76 9.33 9.60 
so 57.4 11.4 7.97 so 2.62 1.91 2.54 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 117 98.1 85.7 Mean 0.77 0.73 0.78 
so 56.1 41 .8 37.7 so 0.54 0.46 0.51 
p 0.32 0.04 0.80 p 0.08 0.03 0.01 
Rz 0.07 0.26 0.00 Rz 0.20 0.29 0.43 
Manganese Zinc 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 114 113 66.5 Mean 108 76.3 53.0 
so 70.5 35.0 24.0 so 43.0 23.0 10.5 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 3.03 4.25 3.15 Mean 3.00 1.62 1.67 
so 1.92 1.69 1.35 so 1.42 0.47 0.54 
p <0.0001 0.01 <0.01 p 0.02 0.19 0.01 
Rz 0.68 0.36 0.46 Rz 0.34 0.12 0.44 
Cobalt Arsenic 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 5.29 0.45 0.19 Mean 0.29 0.26 0.18 
so 4.17 0.14 0.08 so 0.13 0.17 0.08 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 0.17 0.19 0.10 Mean 0.13 0.19 0.17 
so 0.11 0.07 0.06 so 0.06 0.05 0.04 
p <0.01 0.07 0.05 p 0.52 0.18 0.07 
Rz 0.48 0.22 0.25 Rz 0.03 0.12 0.22 
Nickel Molybdenum 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 6.25 1.48 1.41 Mean 1.00 2.67 4.04 
so 5.77 0.64 0.54 so 0.96 1.09 1.92 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 0.21 0.18 0.15 Mean <0.01 <0.01 <0.01 
so 0.11 0.07 0.07 so <0.01 <0.01 <0.01 
p 0.02 0.31 0.32 p 
Rz 0.34 0.07 0.07 Rz 
Table 4.66b. Correlations between Mehlich 3 soil chemistry and leaf chemistry of Panicum 
miliaceum grown under three mycorrhizal regimes. Concentrations in llg g·1• 
Probability of correlation (p), correlation coefficient (R2) and standard deviation (SD). 
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Tin Lead 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 0.42 0.02 0.03 Mean 5.92 0.62 0.67 
SD 1.50 0.05 0.09 SD 5.22 0.43 0.42 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 0.11 0.10 0.13 Mean 5.29 4.00 4.45 
SD 0.06 0.05 0.05 SD 2.96 2.11 2.46 
p 0.77 0.48 0.58 p <0.01 0.10 0.09 
R2 0.01 0.04 0.02 R2 0.46 0.18 0.19 
Lanthanum Uranium 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 1.06 0.06 0.04 Mean 0.37 0.02 0.02 
SD 0.97 0.04 0.02 SD 0.38 0.02 0.02 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 0.17 0.19 0.16 Mean 0.13 0.12 0.12 
SD 0.15 0.14 0.12 SD 0.10 0.09 0.09 
p <0.01 <0.0001 <0.01 p <0.01 <0.01 <0.01 
R2 0.67 0.80 0.49 R2 0.57 0.56 0.65 
Cerium 
Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 
Mean 2.26 0.13 0.11 
SD 1.93 0.08 0.06 
Soil No mycorrhizae Inoculated Carrier only 
Mean 0.38 0.45 0.40 
SD 0.40 0.40 0.35 
p 0.01 <0.01 0.47 
R2 0.41 0.46 0.04 
Table 4.66c. Correlations between Mehlich 3 soil chemistry and leaf chemistry of Panicum 
miliaceum grown under three mycorrhizal regimes. Concentrations in J.lg g·1• 
Probability of correlation (p), correlation coefficient (R2) and standard deviation (SO). 
4.4.4.2. PUERARJA PHASEOLOIDES 
Similar variation was demonstrated by Pueraria phaseoloides. Correlations were generally 
poorer than for Panicum, with isolated exceptions. Lead uptake was better predicted under 
mycorrhizal conditions (carrier only or inoculated), while uranium uptake could only be 
(approximately) predicted from carrier only soils. 
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Magnesium Potassium 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 3780 1600 1680 Mean 35200 26300 28100 
SD 1090 152 287 SD 10700 2100 5190 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 27.5 61 .8 24.6 Mean 31 .6 428 432 
SD 16.6 72.7 11 .5 SD 21.9 142 166 
p 0.073 0.23 0.13 p 0.01 <0.01 0.77 
R2 0.210 0.10 0.16 R2 0.39 0.58 0.01 
Aluminium Calcium 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 1860 316 333 Mean 7450 15100 18900 
SD 1040 69.6 130 SD 2640 1390 2260 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 485 448 420 Mean 130 781 1380 
SD 224 185 178 SD 81.4 360 630 
p 0.54 0.17 0.23 p 0.01 0.35 0.82 
R2 0.03 0.13 0.10 R2 0.36 0.06 0.00 
Phosphorus Iron 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 2480 1050 964 Mean 457 186 221 
SD 1340 149 169 SD 273 13.6 130 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 0.96 2.93 0.77 Mean 117 98.1 85.7 
SD 0.42 0.73 0.28 SD 56.1 41 .8 37.7 
p <0.0001 0.02 0.03 p 0.77 0.15 0.14 
R2 0.71 0.31 0.31 R2 0.01 0.14 0.15 
Sulphur Manganese 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 12700 2120 4630 Mean 738 231 164 
SD 3790 254 1750 SD 244 72.2 57.9 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 179 185 206 Mean 3.03 4.25 3.15 
SD 97.2 107 121 SD 1.92 1.69 1.35 
p <0.01 0.11 0.39 p <0.01 <0.01 <0.01 
R2 0.59 0.17 0.05 R2 0.59 0.49 0.46 
Table 4.67a. Correlations between Mehlich 3 soil chemistry and leaf chemistry of Pueraria 
phaseoloides grown under three mycorrhizal regimes. Concentrations in J..lg g·1. 
Probability of correlation (p), correlation coefficient (R2) and standard deviation (SO). 
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Cobalt Arsenic 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 4.84 0.84 0.59 Mean 0.59 0.36 0.30 
so 1.82 0.16 0.14 so 0.28 0.10 0.06 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 0.17 0.19 0.10 Mean 0.13 0.19 0.17 
so 0.11 0.07 0.06 so 0.06 0.05 0.04 
p <0.01 0.15 0.64 p 0.03 <0.0001 0.06 
R2 0.59 0.14 0.02 R2 0.31 0.72* 0.22 
Nickel Molybdenum 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 25.5 2.33 2.11 Mean 13.0 1.70 29.3 
so 13.6 0.71 0.60 so 4.01 0.49 38.8 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 0.21 0.18 0.15 Mean <0.01 <0.01 <0.01 
so 0.11 0.07 0.07 so <0.01 <0.01 <0.01 
p <0.0001 0.18 0.63 p 
R2 0.69 0.13 0.02 R2 
Copper Tin 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 22.7 8.06 14.5 Mean 0.04 0.07 0.05 
so 9.81 1.06 3.85 so 0.05 0.07 0.04 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 0.77 0.73 0.78 Mean 0.11 0.10 0.13 
so 0.54 0.46 0.51 so 0.06 0.05 0.05 
p 0.01 0.70 <0.01 p 0.35 0.07 0.36 
R2 0.42 0.01 0.47 R2 0.06 0.21 0.06 
Zinc Lanthanum 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 239 44.1 53.6 Mean 2.70 0.53 0.26 
so 54.2 4.32 6.77 so 2.05 0.30 0.13 
Soil No mycorrhizae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 3.00 1.62 1.67 Mean 0.17 0.19 0.16 
so 1.42 0.47 0.54 so 0.15 0.14 0.12 
p 0.04 0.85 0.44 p 0.23 <0.0001 <0.0001 
R2 0.26 0.00 0.04 R2 0.10 0.79 0.68 
Table 4.67b. Correlation between Mehlich 3 soil chemistry and leaf chemistry of Pueraria 
phaseo/oides grown under three mycorrhizal regimes. Concentrations in flg g·1. 
Probability of correlation (p), correlation coefficient (R2) and standard deviation (SO). 
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Cer ium Uranium 
Plant No mycorrhizae Inoculated Carrier only Plant No mycorrhizae Inoculated Carrier only 
n 16 16 16 n 16 16 16 
Mean 5.04 0.98 0.50 Mean 0.40 0.05 0.05 
SD 4.27 0.59 0.26 SD 0.62 0.03 0.03 
Soil No mycorrhlzae Inoculated Carrier only Soil No mycorrhizae Inoculated Carrier only 
Mean 0.38 0.45 0.40 Mean 0.13 0.12 0.12 
SD 0.40 0.40 0.35 SD 0.10 0.09 0.09 
p 0.58 <0.01 0.02 p 0.32 0.18 0.02 
Rz 0.02 0.59 0.35 Rz 0.07 0.13 0.35 
Lead 
Plant No mycorrhlzae Inoculated Carrier only 
n 16 16 16 
Mean 22.6 3.55 2.97 
SD 20.3 0.87 0.95 
Soil No mycorrhizae Inoculated Carrier only 
Mean 5.29 4.00 4.45 
SD 2.96 2.11 2.46 
p 0.08 0.01 0.01 
R2 0.20 0.42 0.44 
Table 4.67c. Correlation between Mehlich 3 soil chemistry and leaf chemistry of Pueraria 
phaseoloides grown under three mycorrhizal regimes. Concentrations in llg g-1• 
Probability of correlation (p), correlation coefficient (R2) and standard deviation (SO). 
4.4.4.3. SUMMARY 
Although Mehlich 3 provided a simple method for the examination of soils, its use as a 
predictor of nutrient and trace element availability to the two greenhouse species (and 
Melastoma malabathricum) was somewhat limited. Certainly, there were instances where 
it was useful - such as arsenic uptake by Panicum - but these must be balanced against the 
general inconsistency and complications incurred by mycorrhizal inoculation. Mycorrhizae 
may access the interior of soil minerals (van Breeman, Lunstrom and Jongmans, 2000), 
absorbing nutrients that are completely inaccessible to soil extractants, and rendering them 
useless in predicting availability to mycorrhizal plants. This demonstrates that soil 
chemical analyses should always be accompanied by analyses of diagnostic plant species 
grown in each soil. 
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4.4.5. THE CATION EXCHANGE CAPACITY OF EXPERIMENTAL AND NATURAL SOlLS 
The effective cation exchange capacities (ECEC) of the non-mycorrhizal greenhouse soils 
were calculated as the sum of 1 N KCl exchangeable acidity (W + Al3l and Mehlich 3 
extractable calcium, potassium and magnesium (Anderson & Ingram, 1993) (Table 4.68.). 
The pH of KCl extracts was also determined - a common practice in acid, tropical soils 
(Anderson & Ingram, 1993) allowing for direct comparison with a wide range of other 
Malaysian soils (Paramananthan, 2000) (Table 4.68.). Since each measurement was 
performed on three separate (replicate) samples, limited statistical analyses of these data 
were possible (Appendix J). 
A correlation plot was also made to compare levels of aluminium extracted by 1 N KCl and 
Mehlich 3 (Figure 4.61.). This potentially allows conversion of Mehlicb 3 extractable 
aluminium concentrations in other experimental soils into their KCl equivalents, rendering 
them comparable with the IN KCl extractable aluminium contents of other Malaysian soils 
(Paramananthan, 2000). However, H+ ions were discovered to comprise a considerable 
proportion of exchangeable acidity, and as they cannot be measured in Mehlich 3 extracts, 
these cannot be used (alone) for ECEC estimations. 
Successive additions of clay produced diminishing reductions in pH, to a minimum of 3.66 
for soil 70:30:0. However, additions of peat also reduced pH, to a minimum of 3.26 for soil 
90:10:6, although this was still significantly higher than that of the Rudua Series sandy 
soil. 
Significant increases in ECEC occurred with successive additions of clay (approximately 
lcmolc kg-1 for every 10% increment) and peat (approximately 0.7cmolc kg"1 for every 2% 
increment. All artificial soils with more than 10% added clay had greater ECECs than the 
naturally sandy soils, as did sandy tailings - once 4% or more peat bad been added. When 
20% of more clay bad been added, the ECECs of the artificial soils mostly exceeded those 
of the natural kaolisol. 
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pHKCI Effective Cation Exchangeable Acidity 
Exchange Capacity 
n Mean so Mean so Mean so 
100:0:0 3 4.09 0.01 0.38 0.02 0.29 0.02 
100:0:2 3 3.66 0.01 0.61 0.03 0.39 0.02 
100:0:4 3 3.43 0.01 1.23 0.03 0.78 0.02 
100:0:6 3 3.34 0.01 1.81 0.03 1.11 0.00 
90:10:0 3 3.78 0.01 1.43 0.04 1.08 0.02 
90:10:2 3 3.49 0.01 2.03 0.06 1.34 0.08 
90:10:4 3 3.33 0.01 3.04 0.07 1.84 0.05 
90:10:6 3 3.26 0.00 3.24 0.13 1.93 0.05 
80:20:0 3 3.68 0.00 2.58 0.09 1.95 0.08 
80:20:2 3 3.50 0.00 3.29 0.10 2.17 0.08 
80:20:4 3 3.36 0.01 4.44 0.03 2.65 0.02 
80:20:6 3 3.27 0.00 4.80 0.11 3.02 0.04 
70:30:0 3 3.66 0 .00 3.18 0.03 2.41 0.04 
70:30:2 3 3.46 0 .00 3.63 0.03 2.65 0.05 
70:30:4 3 3.35 0.00 4.53 0.09 3.24 0.13 
70:30:6 3 3.28 0.01 5.43 0.11 3.55 0.09 
Rudua 3 2.83 0.01 1.03 0.04 0.75 0.04 
Jambu 3 4.03 0.01 0.91 0.08 0.09 0.01 
Rengam 3 3.87 0.00 3.26 0.09 2.18 0.07 
Calcium Magnesium Potassium 
n Mean so Mean so Mean so 
100:0:0 3 0.05 0.00 0.00 0.00 0.03 0.00 
100:0:2 3 0.17 0.01 0.03 0.00 0.02 0.00 
100:0:4 3 0.36 0.00 0.07 0.00 0.01 0.00 
100:0:6 3 0.54 0.03 0.13 0.01 0.03 0.00 
90:10:0 3 0.19 0.01 0.10 0.00 0.06 0.00 
90:10:2 3 0.50 0.02 0.15 0.00 0.05 0.00 
90:10:4 3 0.90 0.05 0.25 0.01 0.06 0.00 
90:10:6 3 0.95 0.08 0.30 0.01 0.06 0.00 
80:20:0 3 0.33 0.01 0.21 0.00 0.09 0.00 
80:20:2 3 0.73 0.02 0.30 0.01 0.08 0.00 
80:20:4 3 1.28 0.04 0.42 0.00 0.09 0.00 
80:20:6 3 1.32 0.09 0.39 0.01 0 .07 0.00 
70:30:0 3 0.36 0.01 0.23 0.00 0 .19 0.00 
70:30:2 3 0.59 0.03 0.26 0.01 0 .13 0 .00 
70:30:4 3 0.81 0.05 0.32 0.01 0 .15 0 .00 
70:30:6 3 1.25 0.04 0.45 0.01 0 .19 0.00 
Rudua 3 0.10 0.01 0.17 0.01 0 .02 0 .00 
Jambu 3 0.63 0.06 0.19 0.02 0 .00 0.00 
Rengam 3 0.97 0.03 0.08 0.00 0 .03 0.00 
Table 4.68a. pHKch 1 N KCI extractable acidity (AI3+ + H•), effective cation exchange capacity 
and Mehlich 3 extractable calcium, magnesium and potassium from artificial and three 
natural soils- Rudua (sandy), Jambu (sandy) and Rengam (kaolisol). 
All measurements in cmolc kg'1• 
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Exchangeable Acidity Exchangeable A13+ Exchangeable H+ 
(H+ + Al3+) (determined) (calculated) 
n Mean SD Mean SD Mean SD 
100:0:0 3 0.29 0.02 0.14 0.00 0.15 0.02 
100:0:2 3 0.39 0.02 0.25 0.01 0.14 0.02 
100:0:4 3 0.78 0.02 0.49 0.04 0.29 0.01 
100:0:6 3 1.11 0.00 0.75 0.02 0.36 0.02 
90:10:0 3 1.08 0.02 0.84 0.01 0.23 0.03 
90:10:2 3 1.34 0.08 0.97 0.03 0.37 0.05 
90:10:4 3 1.84 0.05 1.24 0.04 0.61 0.06 
90:10:6 3 1.93 0.05 1.26 0.05 0.67 0.05 
80:20:0 3 1.95 0.08 1.41 0.04 0.54 0.05 
80:20:2 3 2.17 0.08 1.58 0.05 0.59 0.03 
80:20:4 3 2.65 0.02 2.11 0.03 0.54 0.04 
80:20:6 3 3.02 0.04 2.20 0.05 0.82 0.07 
70:30:0 3 2.41 0.04 1.83 0.09 0.58 0.12 
70:30:2 3 2.65 0.05 1.94 0.09 0.71 0.08 
70:30:4 3 3.24 0.13 2.25 0.05 0.99 0.13 
70:30:6 3 3.55 0.09 2.54 0.03 1.01 0.09 
Rudua 3 0.75 0.04 0.16 0.01 0.59 0.03 
Jambu 3 0.09 0.01 0.04 0.00 0.05 0.01 
Rengam 3 2.18 0.07 1.44 0.05 0.74 0.08 
Table 4.68b. 1N KCI exchangeable acidity (AI3+ + H+), 1N KCI exchangeable Al3+ and 1N KCI 
exchangeable H+ in artificial and three natural soils: Rudua (sandy), Jambu (sandy) and 
Rengam (kaolinitic). All measurements in cmolc kg'1• 
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Figure 4.61 . Correlation between 1 N KCI and Mehlich 3 extractable aluminium in 
experimental soils (f..lg g·\ together with the slope equation and correlation coefficient (R2). 
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The ECEC of sandy tailings can be improved by adding clay or organic amendments. The 
problems of using mine clay have already been outlined and it cannot be recommended, 
unless combined with organic amendments. Peat contributed greatly to available 
magnesium and calcium, but its extractable aluminium levels were on average eleven times 
higher than calcium and forty-six times greater than magnesium, increasing the potential 
for aluminiwn toxicity. However, these constraints are probably outweighed by its trace 
element complexation, cation exchange and water retention properties. 
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4.5. NATURAL SOILS AS ANALOGUES FOR SANDY TAILINGS 
4.5.1. MEHLICH 3 EXTRACTABLE ELEMENTS 
4.5.1.1. D ATA AND DISCUSSION 
The Mehlich 3 extractable concentrations of aluminium, iron and a range of trace elements 
in sandy tailings were presented in Section 4.2.2. These same data were compared with 
equivalent data from three naturally sandy soils (Tables 4.69. to 4.79.). These soils were 
also subjected to a smaller number (n = 3) of extractions to generate data on their 
macronutrient (phosphorus, potassium, magnesium, calcium and sulphur) contents, pHH2o 
and loss on ignition (Tables 4.80. to 4.86.). Discussion follows. 
Aluminium 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 97.5 386 30 203 64.9 
I Batang Berjuntai Sandy tailings 52.4 245 30 111 47.0 
K Kampar Sandy tailings 91.4 199 30 156 23.6 
L Tanjong Tualang Sandy tailings 90.3 347 30 225 70.9 
N Kampong Che Song Sandy tailings 123 575 30 322 119 
p Teronoh Sandy tailings 51 .2 696 30 214 129 
V Kampong Penarik Sandy soil 287 595 30 393 68.0 
w Jambu Bangkok Sandy soil 38.7 157 30 71 .5 26.5 
X Pantai Remis Sandy soil 34.5 254 30 106 54.2 
H K L N p V w X 
V • • * * * 
w • NS * * • * 
X * NS * • * • * NS 
Table 4.69. Mehlich 3 extractable aluminium (!lg g"1) in six different areas of sandy tailings 
and three natural soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P~O.OS. 
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Iron 
Code Sampling location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 20.4 112 30 40.5 17.1 
Batang Berjuntai Sandy tailings 12.0 120 30 31 .7 22.1 
K Kampar Sandy tailings 8.54 30.0 30 16.5 4.32 
l Tanjong Tualang Sandy tailings 2.46 6.94 30 4.61 1.30 
N Kampong Che Song Sandy tailings 5.24 28.4 30 17.9 6.71 
p Teronoh Sandy tailings 10.1 252 30 54.2 50.5 
V Kampong Penarik Sandy soil 52.7 155 30 108 21 .7 
w Jambu Bongkok Sandy soil 24.1 72.7 30 42.4 12.2 
X Pantai Remis Sandy soil 8.26 40.6 30 17.9 7.68 
H K l N p V w X 
V * * * * 
w NS NS * NS 
X * * NS NS * * 
Table 4.70. Mehlich 3 extractable iron (Jlg g"1) in six different areas of sandy tailings and 
three natural soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P~0.05. 
Manganese 
Code Sampling location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.06 0.64 30 0.32 0.15 
I Batang Berjuntai Sandy tailings 0.01 0.62 30 0.15 0.16 
K Kampar Sandy tailings 0.15 0.45 30 0.27 0.07 
l Tanjong Tualang Sandy tailings <0.01 <0.01 30 <0.01 0.00 
N Kampong Che Song Sandy tailings 0.04 0.36 30 0.10 0.07 
p Teronoh Sandy tailings 0.22 12.2 30 1.43 2.09 
V Kampong Penarik Sandy soil 0.31 2.29 30 0.84 0.42 
w Jambu Bongkok Sandy soil 0.12 1.64 30 0.53 0.34 
X Pantai Remis Sandy soil 1.22 24.2 30 8.02 4.53 
H K l N p V w X 
V NS NS NS NS NS NS 
w NS NS NS NS NS * NS 
X * * * * 
Table 4.71. Mehlich 3 extractable manganese (Jlg g"1) in six different areas of sandy tailings 
and three natural soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P~0.05. 
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Cobalt 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.02 0.32 30 0.12 0.08 
Batang Berjuntai Sandy tailings 0.04 0.1 4 30 0.09 0.02 
K Kampar Sandy tailings 0.19 0.60 30 0.31 0.11 
L Tanjong Tualang Sandy tailings <0.01 <0.01 30 <0.01 0.00 
N Kampong Che Song Sandy tailings <0.01 0.02 30 <0.01 0.00 
p Teronoh Sandy tailings 0.07 1.38 30 0.16 0.23 
V Kampong Penarik Sandy soil 0.03 0.08 30 0.05 0.01 
w Jambu Bangkok Sandy soil 0.01 0.03 30 0.02 0.01 
X Pantai Remis Sandy soil <0.01 0.02 30 0.01 0.00 
H K L N p V w X 
V * * * * * 
w NS NS NS 
X * * * NS NS NS NS 
Table 4.72. Mehlich 3 extractable cobalt (J.lg g'1) in six different areas of sandy tailings and 
three natural soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P ~0.05. 
Nickel 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.01 0.57 30 0.20 0.14 
I Batang Berjuntai Sandy tailings <0.01 0.67 30 0.28 0.19 
K Kampar Sandy tailings 0.27 0.76 30 0.44 0.13 
L Tanjong Tualang Sandy tailings <0.01 0.03 30 0.01 0.01 
N Kampong Che Song Sandy tailings <0.01 0.19 30 0.01 0.03 
p Teronoh Sandy tailings 0.05 1.32 30 0.20 0.22 
V Kampong Penarik Sandy soil <0.01 0.28 30 0.14 0.09 
w Jambu Bangkok Sandy soil <0.01 1.10 30 0.24 0.23 
X Pantai Remis Sandy soil <0.01 <0.01 30 <0.01 0.00 
H K L N p V w X 
V NS * * * NS 
w NS NS * NS * 
X • * NS NS 
Table 4.73. Mehlich 3 extractable nickel (J.lg g'1) In six different areas of sandy tailings and 
three natural soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P ~0.05. 
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Copper 
Code Sampling location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.03 0.72 30 0.23 0.14 
I Batang Berjuntai Sandy tailings <0.01 0.15 30 0.05 0.05 
K Kampar Sandy tailings 0.78 2.42 30 1.10 0.33 
l Tanjong Tualang Sandy tailings 0.02 0.28 30 0.09 0.06 
N Kampong Che Song Sandy tailings 0.03 0.39 30 0.08 0.07 
p Teronoh Sandy tailings 0.15 4.17 30 0.74 0.73 
V Kampong Penarik Sandy soil 0.05 0.39 30 0.17 0.08 
w Jambu Bangkok Sandy soil <0.01 0.32 30 0.04 0.06 
X Pantai Remis Sandy soil <0.01 55.15 30 1.92 10.1 
H I K l N p V w X 
V NS NS NS NS NS NS 
w NS NS NS NS NS NS NS 
X * NS * NS • • 
Table 4.74. Mehlich 3 extractable copper (llg g'1) in six different areas of sandy tailings and 
three natural soils (SO: Standard Deviation), together with contrasts between them. 
Significant (*) or non-significant (NS) at P s;O.OS. 
Zinc 
Code Sampling location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.13 2.98 30 1.22 0.79 
I Batang Berjuntai Sandy tailings 0.04 0.27 30 0.11 0.06 
K Kampar Sandy tailings 3.11 10.8 30 5.06 1.88 
l Tanjong Tualang Sandy tailings <0.01 <0.01 30 <0.01 0.00 
N Kampong Che Song Sandy tailings 0.06 0.41 30 0.14 0.08 
p Teronoh Sandy tailings 0.76 10.7 30 2.31 1.73 
V Kampong Penarik Sandy soil 0.13 0.38 30 0.26 0.07 
w Jambu Bangkok Sandy soil 0.05 0.41 30 0.24 0.08 
X Pantai Remis Sandy soi l 0.55 40.8 30 5.52 7.77 
H K l N p V w X 
V NS NS • NS NS NS 
w NS NS • NS NS NS NS 
X • • NS • • • • • 
Table 4.75. Mehlich 3 extractable zinc (llg g'1) in six different areas of sandy tailings and 
three natural soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P s;0.05. 
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Arsenic 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings 0.04 0.33 30 0.14 0.07 
Batang Berjuntai Sandy tailings <0.01 0.50 30 0.15 0.12 
K Kampar Sandy tailings 0.26 1.03 30 0.40 0.16 
L Tanjong Tualang Sandy tailings 0.01 0.04 30 0.02 0.01 
N Kampong Che Song Sandy tailings 0.02 0.19 30 0.05 0.04 
p Teronoh Sandy tailings 0.05 1.36 30 0.26 0.24 
V Kampong Penarik Sandy soil 0.03 0.06 30 0.04 0.01 
w Jambu Bangkok Sandy soil 0.01 0.43 30 0 .04 0.08 
X Pantai Remis Sandy soil <0.01 0.02 30 0 .01 0.01 
H K L N p V w X 
V * * * NS NS * 
w * * * NS NS * NS 
X * * * NS NS * NS NS 
Table 4.76. Mehlich 3 extractable arsenic (J..lg g'1) in six different areas of sandy tailings and 
three natural soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P5 0.05. 
Lanthanides 
Code Sampling Location Sample type M in Max n Mean so 
H Dengkil Sandy tailings <0.01 0.76 30 0.06 0.15 
I Batang Berjuntai Sandy tailings 0.15 1.29 30 0.46 0.25 
K Kampar Sandy tailings 0.01 0.12 30 0.06 0.03 
L Tanjong Tualang Sandy tailings 0.03 0.27 30 0.11 0.06 
N Kampong Che Song Sandy tailings 0.33 6.45 30 2.43 1.37 
p Teronoh Sandy tailings <0.01 0.70 30 0.07 0.13 
V Kampong Penarik Sandy soil 0.17 0.80 30 0.50 0.16 
w Jambu Bangkok Sandy soil 0.02 1.49 30 1.01 0.48 
X Pantai Remis Sandy soil <0.01 0.05 30 <0.01 0.01 
H K L N p V w X 
V * NS * * * * 
w * * * * * 
X NS NS NS * NS * * 
Table 4.77. Mehlich 3 extractable lanthanides (L lanthanum, cerium, praseodymium and neodymium) 
(J.lg g'1) in six different areas of sandy tailings and three natural soils (SO: Standard Deviation), 
together with contrasts between them. Significant (*) or non-significant (NS) at P5 0.05. 
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Lead 
Code Sampling Location Sample type M in Max n Mean SD 
H Dengkil Sandy tailings 1.34 4.76 30 2.50 0.81 
Batang Berjuntai Sandy tailings 0.22 1.92 30 0.88 0.43 
K Kampar Sandy tailings 1.92 6.59 30 3.21 1.14 
L Tanjong Tualang Sandy tailings 1.12 4.83 30 2.88 1.11 
N Kampong Che Song Sandy tailings 0.29 2.94 30 0.92 0.61 
p Teronoh Sandy tailings 0.21 2.68 30 0.62 0.49 
V Kampong Penarik Sandy soil 0.42 2.02 30 0.76 0.35 
w Jambu Bangkok Sandy soil 0.11 0.28 30 0.17 0.04 
X Pantai Remis Sandy soil 0.35 14.74 30 1.57 2.80 
H K L N p V w X 
V .. NS .. .. NS NS 
w .. .. .. .. .. NS 
X .. .. .. .. .. 
Table 4.78. Mehlich 3 extractable lead (J.lg g'1) in six different areas of sandy tailings and 
three natural soils (SD: Standard Deviation}, together with contrasts between them. 
Significant (*) or non-significant (NS) at P .sO.OS. 
Uranium 
Code Sampling Location Sample type M in Max n Mean SD 
H Dengkil Sandy tailings 0.10 0.95 30 0.31 0.16 
Batang Berjuntai Sandy tailings 0.04 0.13 30 0.08 0.03 
K Kampar Sandy tailings 0.95 5.94 30 2.09 1.12 
L Tanjong Tualang Sandy tailings 0.13 1.17 30 0.26 0.21 
N Kampong Che Song Sandy tailings 0.04 0.50 30 0.16 0.10 
p Teronoh Sandy tailings 0.38 2.54 30 1.00 0.51 
V Kampong Penarik Sandy soil 0.01 0.05 30 0.01 0.01 
w Jambu Bangkok Sandy soil <0.01 <0.01 30 <0.01 0.00 
X Pantai Remis Sandy soil <0.01 <0.01 30 <0.01 0.00 
H I K L N p V w X 
V .. NS .. .. NS .. 
w NS .. .. NS .. NS 
X .. NS .. .. NS .. NS NS 
Table 4.79. Mehlich 3 extractable uranium (J.lg g'1) in six different areas of sandy tailings and 
three natural soils (SD: Standard Deviation}, together with contrasts between them. 
Significant(*) or non-significant (NS) at P.sO.OS. 
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PH H20 
Code Sampling Location Sample type n Mean so 
H Dengkil Sandy tailings 3 3.68 0.01 
I Batang Berjuntai Sandy tailings 3 4.35 0 .01 
K Kampar Sandy tailings 3 6.73 0.00 
L Tanjong Tualang Sandy tailings 3 4.73 0.02 
N Kampong Che Song Sandy tailings 3 4.45 0.01 
p Teronoh Sandy tailings 3 6 .81 0.05 
V Kampong Penarik Sandy soil 3 4.85 0.00 
w Jambu Bangkok Sandy soil 3 3.99 0.00 
X Pantai Remis Sandy soil 3 4.98 0.01 
H K L N p V w X 
V • • • • * • 
w • • • • • • • 
X • • • • • • • • 
Table 4.80. pH H2o in six different areas of sandy tailings and three natural soils {SO: 
Standard Deviation), together with contrasts between them. 
Significant{*) or non-significant {NS) at P .:50.05. 
Loss on ignition 
Code Sampling Location Sample type n Mean so 
H Dengkil Sandy tailings 3 0.43 0.01 
I Batang Berjuntai Sandy tailings 3 0.38 0.01 
K Kampar Sandy tailings 3 0.24 0.04 
L Tanjong Tualang Sandy tailings 3 0.38 0.01 
N Kampong Che Song Sandy tailings 3 0.46 0.03 
p Teronoh Sandy tailings 3 0.21 0.02 
V Kampong Penarik Sandy soil 3 1.37 0.04 
w Jambu Bangkok Sandy soil 3 2.62 0.01 
X Pantai Remis Sandy soil 3 1.10 0.01 
H K L N p V w X 
V • • • 
w • • • • 
X • • • • • • • 
Table 4.81 . Loss on ignition{%) from six different areas of sandy tailings and three natural 
soils {SO: Standard Deviation), together with contrasts between them. 
Significant{*) or non-significant {NS) at P .:50.05. 
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Magnesium 
Code Sampling Location Sample type n Mean SD 
H Dengkil Sandy tailings 3 1.39 0.04 
Batang Berjuntai Sandy tailings 3 0.92 0.16 
K Kampar Sandy tailings 3 135 7.61 
L Tanjong Tualang Sandy tailings 3 0.73 0.03 
N Kampong Che Song Sandy tailings 3 1.28 0.13 
p Teronoh Sandy tailings 3 2.67 0.40 
V Kampong Penarik Sandy soil 3 4.02 0.06 
w Jambu Bangkok Sandy soil 3 20.4 1.32 
X Pantai Remis Sandy soil 3 23.4 2.32 
H K L N p V w X 
V NS NS NS NS NS 
w * * * 
X NS 
Table 4.82. Mehlich 3 extractable magnesium (1-4g g"1) in six different areas of sandy tailings 
and three natural soils (SD: Standard Deviation), together with contrasts between them. 
Significant (*) or non-significant (NS) at P .s0.05. 
Phosphorus 
Code Sampling Location Sample type n Mean SD 
H Dengkil Sandy tailings 3 0.21 0.01 
I Batang Berjuntai Sandy tailings 3 0.27 0.03 
K Kampar Sandy tailings 3 0.66 0.02 
L Tanjong Tualang Sandy tailings 3 0.32 0.02 
N Kampong Che Song Sandy tailings 3 0.60 0.05 
p Teronoh Sandy tailings 3 1.75 0.07 
V Kampong Penarik Sandy soil 3 1.39 0.04 
w Jambu Bangkok Sandy soil 3 1.41 0.12 
X Pantai Remis Sandy soil 3 6.1 2 0.55 
H K L N p V w X 
V * * * * * * 
w * * * * NS 
X * * * * * 
Table 4.83. Mehlich 3 extractable phosphorus (1-4g g"1) in six different areas of sandy tailings 
and three natural soils (SD: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P.s0.05. 
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Sulphur 
Code Sampling Location Sample type n Mean SD 
H Dengkil Sandy tailings 3 30.7 2.82 
I Batang Berjuntai Sandy tailings 3 3.73 2.36 
K Kampar Sandy tailings 3 29.2 2.59 
L Tanjong Tualang Sandy tailings 3 3.39 0.84 
N Kampong Che Song Sandy tailings 3 5.17 1.76 
p Teronoh Sandy tailings 3 5.35 2.53 
V Kampong Penarik Sandy soil 3 5.37 1.41 
w Jambu Bongkok Sandy soil 3 2.83 1.18 
X Pantai Remis Sandy soil 3 4.71 3.82 
H I K L N p V w X 
V • NS • NS NS NS 
w • NS • NS NS NS NS 
X • NS • NS NS NS NS NS 
Table 4.84. Mehlich 3 extractable sulphur (f.lg g"1) in six different areas of sandy tailings and 
three natural soils (SD: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P!>0.05. 
Potassium 
Code Sampling Location Sample type n Mean SD 
H Dengkil Sandy tailings 3 0.38 0.32 
Batang Berjuntai Sandy tailings 3 1.75 0.13 
K Kampar Sandy tailings 3 0.26 0.31 
L Tanjong Tualang Sandy tailings 3 0.04 0.08 
N Kampong Che Song Sandy tailings 3 1.62 0.26 
p Teronoh Sandy tailings 3 3.01 0.25 
V Kampong Penarik Sandy soil 3 7.48 0.27 
w Jambu Bangkok Sandy soil 3 7.70 0.62 
X Pantai Remis Sandy soil 3 6.82 0.56 
H K L N p V w X 
V • • • • 
w • • • • NS 
X • • • • • NS • 
Table 4.85. Mehlich 3 extractable potassium (f.lg g"1) in six different areas of sandy tailings 
and three natural soils (SD: Standard Deviation), together with contrasts between them. 
Significant (*) or non-significant (NS) at P 5 0.05. 
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Calcium 
Code Sampling Location Sample type n Mean SD 
H Dengkil Sandy tailings 3 2.67 0.18 
Batang Berjuntai Sandy tailings 3 1.05 0.15 
K Kampar Sandy tailings 3 245 13.7 
L Tanjong Tualang Sandy tailings 3 2.05 0.10 
N Kampong Che Song Sandy tailings 3 4.08 0.15 
p Teronoh Sandy tailings 3 103 5.20 
V Kampong Penarik Sandy soil 3 6.80 0.22 
w Jambu Bongkok Sandy soil 3 19.9 1.83 
X Pantai Remis Sandy soil 3 126 12.4 
H I K L N p V w X 
V NS NS * NS NS * 
w * * * * * * 
X * * * * * * * * 
Table 4.86. Mehlich 3 extractable calcium (Jlg g"1) in six different areas of sandy tailings and 
three natural soils (SD: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P .:S0.05. 
The pHH2o, loss on ignition and Mehlich 3 extractable concentrations of various nutrient 
and trace elements were determined in thirty surface samples collected from each of six 
different areas of sandy tailings and compared with samples of naturally sandy soils 
collected from three different Malaysian soil series. The results are discussed below: 
• Aluminium. Mehlich 3 extractable aluminium concentrations in sandy tailings were 
lower (with the exception of tailings from Batang Berjuntai, which were not 
significantly different) than those of the Jambu Series soil, but higher than the other 
sandy soils. 
• Iron. Three of the six areas of sandy tailings contained levels of iron equivalent to or 
lower than those found in the Jambu Series soil from Pantai Remis, while levels in the 
remaining areas were either equivalent to or lower than the other natural soils. 
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• Manganese. Mehlich 3 extractable manganese levels were reassuringly low for most 
sandy tailings, with equivalent or lower concentrations than all the sandy soils. Only 
tailings from Teronoh exceeded levels from the Rudua Series soil. 
• Cobalt. In only two areas were cobalt levels in sandy tailings lower than those found in 
natural soils. Cobalt is ' weakly toxic ' (Markert, 1996), and the elevations seen in 
tailings from Kampar and Teronoh are unlikely to be significant for plant 
establishment. 
• Nickel. Concentrations of nickel in tailings were generally no different from the 
majority of natural soils, the exception again provided by tailings collected from 
Kampar. The mean of these was greater than all soils, but the maximum was lower than 
the Rudua Series soil. 
• Copper. Differences in copper were less dramatic, with the greatest range (and highest 
mean) in a sandy soil (Jambu Series). Chances of copper deficiency seem unlikely 
given the low levels found in the Rudua Series soil, although sustainable vegetation of 
these soils may rely heavily upon nutrient cycling in the organic litter layer. 
• Zinc. Sandy tailings at Kampar and Teronoh also contained higher than average 
concentrations of zinc. Since these were no different from levels in the Jambu Series 
soil, zinc is unlikely to be present in excess on tailings, and may even be deficient in 
material collected at Tanjong Tualang. 
• Arsenic. Arsenic extractability in all but two of the areas of sandy tailings was greater 
than the sandy soils. Despite this relative abundance, arsenic does not appear to affect 
their colonization (Section 4.3.). 
• Molybdenum. Concentrations of molybdenum were not tabulated, since they were 
below the detection limit for all substrates. 
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• Lanthanides. Only one area of tailings bad lanthanide concentrations greater than all 
natural soils (Kampong Che Song). 
• Lead. Extractable levels of lead were greater in most sandy tailings, which would seem 
to give cause for concern. However, in three out of four cases, lead levels in colonized 
tailings were greater than those for sites as a whole (Section 4.3 .1.), and the levels 
recorded here are unlikely to hinder rehabilitation. 
• Uranium. Uranium was also present in sandy tailings at significantly higher levels than 
natural soils, but its effects on plant establishment seem small. 
• pH. Although all different, the acidity of the various areas of sandy tailings was 
generally greater than the natural soils, the exceptions being areas near Kampar and 
Tanjong Tualang, where limestone bedrock resulted in less acidic tailings. 
• Loss on ignition. The natural soils all produced higher losses on ignition than the 
tailings, reflecting their higher organic status. The processes of tailings formation (both 
geological and anthropic) all conspire to produce their low organic status. 
• Magnesium and Calcium. Concentrations of these elements in tailings were generally 
disappointing, being lower than all natural soils except the Rusila Series. Sandy tailings 
from Kampar and Teronoh provided the exceptions, again due to their proximity to 
dolornitized limestone bedrock. 
• Phosphorus. Levels of phosphorus in all sandy tailings (except those from Teronob) 
were significantly lower than all sandy soils, suggesting deficiency in this nutrient. 
• Sulphur. The sulphur contents of sandy tailings were rather variable, reflecting the age 
of tailings and their degree of weathering. Since pyritic minerals represent the chief 
source of sulphur in tailings (Section 2.2.2 .), levels in recently created tailings are 
greater than those which are older, where sulphides have oxidized and leached from 
surface horizons. Sulphur levels in older tailings were equivalent to sandy soils. 
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• Potassium. Extractable potassium levels were lower in all sandy tailings when 
compared with the natural soils, in spite of the apparent presence of micas in sandy 
tailings (Section 2.2.1.), which weather to release potassium. Overall, levels of 
potassium, calcium, magnesium and phosphorus were all lower in sandy tailings than 
their natural equivalents, suggesting general macro-nutrient deficiencies which would 
require treatment before or during rehabilitation work. 
4.5.1.2. SUMMARY 
The fertility status (macro-nutrient content) of sandy tailings was clearly significantly 
lower than that of natural soils - even naturally sandy soils, which are subject to similar 
leaching pressures. Their trace element status was less clear, varying from element to 
element and site to site. Generally, levels of trace elements were similar to, or only slightly 
greater than those of natural soils. However, this was not the case with lead and uranium, 
which were much more prevalent in tailings. Although these elements did not seem to 
influence the colonization of sandy tailings by Melastoma malabathricum, their 
availability could be reduced by addition of organic material. Thus, although differing in 
some chemical respects, sandy tailings and sandy soils may be treated similarly with regard 
to rehabilitation approaches, so long as the trace element content of tailings is 
acknowledged and addressed. 
4 .5.2. PARTICLE SIZE 0ISTR1BUTIONS 
Particle size distributions were determined for the same areas of sandy tailings and soils 
(Figures 4 .62. & 4.63.). If only the fine earth fraction was considered (Figure 4.62.), then 
sandy tailings generally contained greater proportions of silt and clay than sandy soils 
(although less than the Rusila soil). This suggests that water (and hence, nutrient) retention 
by sandy tailings would be greater than two of the three sandy soils. However, if the stone 
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fraction was included (Figure 4.63.), it was apparent that sandy tailings were more stony, 
reducing their water and nutrient retention potential. Whether their increased silt and clay 
fractions were sufficient to overcome this is unknown. Further tests on the physics of these 
media (such as water release and infiltration (Anderson & lngram, 1993)) would be 
required to determine this. 
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Figure 4.62 Percentages of sand (60- 2000J.1m), silt (2 - 60J.1m) and clay (<2J.lm) particles in 
the fine earth fraction of sandy tailings and soils. 
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Figure 4.63. Percentages of stones (>2000).1m), sand (60 - 2000J.1m), silt (2 - 60J.lm) and clay 
(<2J.1m) particles in sandy tailings and soils. 
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4.5.3. COMPARING PLANTS GROWN ON SANDY TAlLlNGS AND NATURAL SOILS 
4.5.3.1. GROWTH OF PAN/CUM MILJACEUM AND P UERARlA PHASEOLOIDES 
Section 4.4.1. described greenhouse experiments in which two plants species (Panicum 
miliaceum and Pueraria phaseoloides) were grown in various artificial soils in an attempt 
to determine whether clay, peat or mycorrhizal additions improved plant growth on sandy 
tailings. Alongside these artificial soils, the same species were grown in three naturally 
sandy soils. The growth and chemical data from one of these soils (Rudua Series) have 
already been presented with the data from artificial soils, but in this section, the data from 
all three naturally sandy soils are brought together and compared with sandy tailings 
amended only with peat. 
Chemically, sandy tailings and natural soils are similar - but for the exceptions of elevated 
concentrations of some trace elements (lead and uranium), reduced organic matter and 
nutrient status in sandy tailings. It was anticipated that adding peat to sandy tailings would 
render them more similar to natural sandy soils, whilst simultaneously reducing trace 
element availability. Comparing the growth of plants in amended tailings with plants 
grown in the natural soils provided insigbts as to the suitability of using such natural soils 
(and the communities of plants which grow thereon) for future, naturalistic attempts at 
rehabilitation of sandy tailings. 
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Plate. 4.34. Growth of Panicum miliaceum in sandy tailings amended with (from left to right) 
0, 2, 4 and 6% peat. Scale bars are 1 cm wide. 
Plate. 4.35. Growth of Panicum miliaceum in naturally sandy soils (from left to right) Rudua, 
Jambu and Rusila Series (from Jambu Bongkok, Pantai Remis and Kampong Penarik 
respectively). Scale bars are 1 cm wide. 
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Plate. 4.36. Growth of Pueraria phaseo/oides in sandy tailings amended with (from left to 
right) 0, 2, 4 and 6% peat. Scale bars are 1 cm wide. 
Plate. 4.37. Growth of Pueraria phaseoloides in naturally sandy soils (from left to right) 
Rudua, Jambu and Rusila Series (from Jambu Bongkok, Pantai Remis and Kampong 
Penarik respectively). Scale bars are 1cm wide. 
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Code Soil origins Sample type n Mean so 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 4 0.0030 0.0013 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 4 0.0130 0.0059 
100:0:4 sandy tailings+ 4% peat Greenhouse mix 4 0.0135 0.0035 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 4 0.0107 0.0023 
Jambu Pantai Remis Sandy soil 4 0.1720 0.0607 
Rusila Kampong Penarik Sandy soil 4 0.0229 0.0095 
Rudua Jambu Bongkok Sandy soil 4 0.0090 0.0008 
100:0:0 100:0:2 100:0:4 100:0:6 Rudua Jambu Rusila 
Rudua * NS NS NS 
Jambu * * * * * 
Rusila * NS NS * * * 
Table 4.87. Dry weights (g) of Panicum miliaceum grown in sandy tailings with four levels of 
peat and three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Code 
100:0:0 
100:0:2 
100:0:4 
100:0:6 
Jambu 
Rusila 
Rudua 
Rudua 
Jambu 
Rusila 
Significant (*) or non-significant (NS) at P ::50 .05. 
Soil origins Sample type n Mean so 
Sandy tailings + 0% peat Greenhouse mix 4 0.0248 0.0030 
Sandy tailings + 2% peat Greenhouse mix 4 0.0436 0.0282 
sandy tailings+ 4% peat Greenhouse mix 4 0.0329 0.0053 
Sandy tailings + 6% peat Greenhouse mix 4 0.0226 0.0097 
Pantai Remis Sandy soil 4 0.4626 0.0870 
Kampong Penarik Sandy soil 4 0.1888 0.0708 
Jambu Bongkok Sandy soil 4 0.1301 0.0381 
100:0:0 100:0:2 100:0:4 100:0:6 Rudua Jambu Rusila 
* * * • 
• * • • * 
• • • NS • 
Table 4.88. Dry weights (g) of Pueraria phaseoloides grown in sandy tailings with four levels 
of peat and three sandy soils (SO: Standard Deviation), together with contrasts between 
them. Significant (*) or non-significant (NS) at P ::50.05. 
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From the Plates (4.34. to 4.37.) it is apparent that growth ofboth species was very poor in 
sandy tailings, no matter what the level of added peat. Growth in the Jambu Series soil 
seemed much greater (although the colour of the Pueraria foliage suggests some severe 
nutrient deficiencies), the Rusila soil elicited a less favourable response, whilst plants 
grown in the Rudua soil seem no larger than those grown in the sandy tailings. 
Examining the statistical comparisons of plant weights (Tables 4.87. & 4.88.) confirms this 
visual assessment. Fresh and dry weights of both Panicum miliaceum and Pueraria 
phaseoloides were significantly greater when grown in all three natural soils, with the 
exception of Panicum grown in the Rudua soil, which were no different from plants grown 
in all peat-amended tailings. 
4.5.3 .2. M EHLICH 3 EXTRACTABLE CHEMISTRY OF GREENHOUSE AND NATURAL SOlLS 
Plants grown on the Jarnbu Series soil were significantly larger than those grown on other 
sandy soils and sandy tailings, and this may be due to the improved nutrient or trace 
element status of this soil (Tables 4.89. to 4.107. ). 
pH H20 
Code Soil origins Sample type n Mean so 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 4.05 0.02 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 4.10 0.01 
100:0:4 sandy tailings+ 4% peat Greenhouse mix 3 4.04 0.02 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 3.87 0.05 
Jambu Pantai Remis Sandy soil 3 4.98 0.01 
Rusila Kampong Penarik Sandy soil 3 4.85 0.00 
Rudua Jambu Bangkok Sandy soil 3 3.99 0.00 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu • • • • 
Rusila * • • • * 
Rudua • • • • • 
Table 4.89. pH H2o of sandy tailings with four levels of peat and three sandy soils 
(SO: Standard Deviation), together with contrasts between them. Significant (*) or non-
significant (NS) at P 5 0.05. 
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Loss on ignition 
Code Soil origins Sample type n Mean SD 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 0.57 0.00 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 1.10 0.00 
100:0:4 sandy tailings + 4% peat Greenhouse mix 3 2.13 0.10 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 3.57 0.01 
Jambu Pantai Remis Sandy soil 3 1.10 0.01 
Rusila Kampong Penarik Sandy soil 3 1.37 0.04 
Rudua Jambu Bangkok Sandy soil 3 2.62 0.01 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu * NS * 
Rusila * * * * * 
Rudua * * * * * * 
Table 4.90. Loss on ignition (%) of sandy tailings with four levels of peat and three sandy 
soils (SD: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P:50.05. 
Magnesium 
Code Soil origins Sample type n Mean SD 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 0.45 0.04 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 3.79 0.22 
100:0:4 sandy tailings + 4% peat Greenhouse mix 3 8.51 0.46 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 16.2 0.87 
Jambu Pantai Remis Sandy soil 3 23.4 2.32 
Rusila Kampong Penarik Sandy soil 3 4.02 0.06 
Rudua Jambu Bangkok Sandy soil 3 20.4 1.32 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu * * * 
Rusila * NS * * 
Rudua * * * 
Table 4.91. Mehlich 3 extractable magnesium (!lg g"1) in sandy tailings with four levels of 
peat and three sandy soils (SD: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P:50.05. 
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100:0:2 
100:0:4 
100:0:6 
Jambu 
Rusila 
Rudua 
Jambu 
Rusila 
Rudua 
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Phosphorus 
Soil origins Sample type n Mean so 
Sandy tailings + 0% peat Greenhouse mix 3 0.60 0.05 
Sandy tailings + 2% peat Greenhouse mix 3 0.39 0.04 
sandy tailings+ 4% peat Greenhouse mix 3 0.36 0.03 
Sandy tailings + 6% peat Greenhouse mix 3 0.49 0.05 
Pantai Remis Sandy soil 3 6.12 0.55 
Kampong Penarik Sandy soil 3 1.39 0.04 
Jambu Bangkok Sandy soil 3 1.41 0.12 
100:0:0 100:0:2 1 00:0:4 100:0:6 Jambu Rusila Rudua 
• • 
• • • • 
• • • NS 
Table 4.92. Mehlich 3 extractable phosphorus (~g g·1) in sandy tailings with four levels of 
peat and three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Code 
100:0:0 
100:0:2 
100:0:4 
100:0:6 
Jambu 
Rusila 
Rudua 
Jambu 
Rusila 
Rudua 
Significant(*) or non-significant (NS) at Ps;O.OS. 
Soil origins Sample type n 
Sandy tailings + 0% peat Greenhouse mix 3 
Sandy tailings + 2% peat Greenhouse mix 3 
sandy tailings+ 4% peat Greenhouse mix 3 
Sandy tailings + 6% peat Greenhouse mix 3 
Pantai Remis Sandy soil 3 
Kampong Penarik Sandy soil 3 
Jambu Bangkok Sandy soil 3 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu 
• • 
* • 
* • * 
• 
• 
* 
NS 
NS 
Sulphur 
Mean 
47.0 
43.3 
39.2 
55.7 
4.71 
5.37 
2.83 
Rusila 
NS 
SD 
1.88 
4.57 
2.39 
5.86 
3.82 
1.41 
1.18 
Rudua 
Table 4.93. Mehlich 3 extractable sulphur (~g g'1) in sandy tailings with four levels of peat 
and three sandy soils (SD: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P :50.05. 
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Potassium 
Code Soil origins Sample type n Mean so 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 12.4 0.32 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 7.91 0.43 
100:0:4 sandy tailings+ 4% peat Greenhouse mix 3 5.60 0.53 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 9.90 0.62 
Jambu Pantai Remis Sandy soil 3 6.82 0.56 
Rusila Kampong Penarik Sandy soil 3 7.48 0.27 
Rudua Jambu Bongkok Sandy soil 3 7.70 0.62 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu * NS * * 
Rusila * NS * * NS 
Rudua * NS * * NS NS 
Table 4.94. Mehlich 3 extractable potassium (1-!g g"1) in sandy tailings with four levels of peat 
and three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P.s0.05. 
Calcium 
Code Soil origins Sample type n Mean so 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 10.6 0.25 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 34.4 2.26 
100:0:4 sandy tailings + 4% peat Greenhouse mix 3 73.1 0.69 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 109 5.84 
Jambu Pantai Remis Sandy soil 3 126 12.4 
Rusila Kampong Penarik Sandy soil 3 6.80 0.22 
Rudua Jambu Bongkok Sandy soil 3 19.9 1.83 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu * * * * 
Rusila NS * * * 
Rudua NS * * * * * 
Table 4.95. Mehlich 3 extractable calcium (1-!g g"1) in sandy tailings with four levels of peat 
and three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P..s0.05. 
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Aluminium 
Code Soil origins Sample type n Mean so 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 107 0.63 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 145 2.66 
100:0:4 sandy tailings+ 4% peat Greenhouse mix 3 210 16.3 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 307 21.0 
Jambu Pantai Remis Sandy soil 3 94.2 7.80 
Rusila Kampong Penarik Sandy soil 3 335 10.2 
Rudua Jambu Bongkok Sandy soil 3 42.5 1.90 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu NS * * 
Rusila * * * * 
Rudua * * * * * * 
Table 4.96. Mehlich 3 extractable aluminium (1-!g g"1) in sandy tailings with four levels of peat 
and three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P~0.05. 
Iron 
Code Soil origins Sample type n Mean so 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 17.5 0.29 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 39.8 0.92 
100:0:4 sandy tailings+ 4% peat Greenhouse mix 3 58.3 4.26 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 82.3 7.49 
Jambu Pantai Remis Sandy soil 3 15.2 0.99 
Rusila Kampong Penarik Sandy soil 3 96.7 6.82 
Rudua Jambu Bongkok Sandy soil 3 27.2 1.93 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu NS * * 
Rusila * * 
Rudua * * * * 
Table 4.97. Mehlich 3 extractable iron (1-!g g"1) in sandy tailings with four levels of peat and 
three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P~0.05. 
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Manganese 
Soil origins Sample type n Mean SD 
Sandy tailings + 0% peat Greenhouse mix 3 0.32 0.03 
Sandy tailings + 2% peat Greenhouse mix 3 0.41 0.04 
sandy tailings+ 4% peat Greenhouse mix 3 0.52 0.02 
Sandy tailings + 6% peat Greenhouse mix 3 0.73 0.07 
Pantai Remis Sandy soil 3 7.82 0.64 
Kampong Penarik Sandy soil 3 0.72 0.03 
Jambu Bangkok Sandy soil 3 0.34 0.04 
100:0:0 100:0:2 1 00:0:4 100:0:6 Jambu Rusila Rudua 
• 
• 
NS 
• 
NS 
NS 
• 
NS 
NS 
• 
NS 
NS • NS 
Table 4.98. Mehlich 3 extractable manganese (~g g·1) in sandy tailings with four levels of 
peat and three sandy soils (SD: Standard Deviation), together with contrasts between them. 
Significant (*) or non-significant (NS) at P :50.05. 
Cobalt 
Code Soil origins Sample type n Mean SD 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 0.04 0.01 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 0.03 0.00 
100:0:4 sandy tailings + 4% peat Greenhouse mix 3 0.04 0.01 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 0.05 0.01 
Jambu Pantai Remis Sandy soil 3 <0.01 0.00 
Rusila Kampong Penarik Sandy soil 3 0.02 0.00 
Rudua Jambu Bangkok Sandy soil 3 <0.01 0.00 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu • • • 
Rusila • • • • • 
Rudua • • • • NS • 
Table 4.99. Mehlich 3 extractable cobalt (~g g"1) in sandy tailings with four levels of peat and 
three sandy soils (SD: Standard Deviation), together with contrasts between them. 
Significant (*) or non-significant (NS) at P :50.05. 
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Nickel 
Code Soil origins Sample type n Mean so 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 0.06 0.02 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 0.03 0.01 
100:0:4 sandy tailings+ 4% peat Greenhouse mix 3 0.05 0.01 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 0.05 0.01 
Jambu Pantai Remis Sandy soil 3 0.05 0.01 
Rusila Kampong Penarik Sandy soil 3 0.07 0.01 
Rudua Jambu Bongkok Sandy soil 3 0.03 0.01 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu NS NS NS NS 
Rusila NS NS NS NS 
Rudua NS NS NS NS 
Table 4.100. Mehlich 3 extractable nickel (1-!g g"1) in sandy tailings with four levels of peat 
and three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Code 
100:0:0 
100:0:2 
100:0:4 
100:0:6 
Jambu 
Rusila 
Rudua 
Jambu 
Rusila 
Rudua 
Significant(*) or non-significant (NS) at P :50.05. 
Soil origins Sample type n 
Sandy tailings + 0% peat Greenhouse mix 3 
Sandy tailings + 2% peat Greenhouse mix 3 
sandy tailings+ 4% peat Greenhouse mix 3 
Sandy tailings + 6% peat Greenhouse mix 3 
Pantai Remis Sandy soil 3 
Kampong Penarik Sandy soil 3 
Jambu Bongkok Sandy soil 3 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu 
NS NS 
NS NS NS 
Copper 
Mean 
0.08 
0.06 
0.04 
0.05 
1.47 
0.15 
<0.01 
Rusila 
so 
0.05 
0.02 
0.03 
0.03 
0.09 
0.01 
0.00 
Rudua 
Table 4.101. Mehlich 3 extractable copper (1-!g g"1) in sandy tailings with four levels of peat 
and three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P :50.05. 
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Zinc 
Code Soil origins Sample type n Mean SD 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 1.36 0.16 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 0.99 0.03 
100:0:4 sandy tailings+ 4% peat Greenhouse mix 3 1.20 0.38 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 1.27 0.25 
Jambu Pantai Remis Sandy soil 3 5.66 0.54 
Rusila Kampong Penarik Sandy soil 3 0.12 0.01 
Rudua Jambu Bongkok Sandy soil 3 0.09 0.02 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu • 
Rusila • • 
Rudua • NS 
Table 4.102. Mehllch 3 extractable zinc (~g g"1) in sandy tailings with four levels of peat and 
three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Code 
100:0:0 
100:0:2 
100:0:4 
100:0:6 
Jambu 
Rusila 
Rudua 
Jambu 
Rusila 
Rudua 
Significant(*) or non-significant (NS) at P .:,;0.05. 
Arsenic 
Soil origins Sample type n Mean so 
Sandy tailings + 0% peat Greenhouse mix 3 0.05 0.00 
Sandy tailings + 2% peat Greenhouse mix 3 0.04 0.00 
sandy tailings + 4% peat Greenhouse mix 3 0.03 0.00 
Sandy tailings + 6% peat Greenhouse mix 3 0.04 0.00 
Pantai Remis Sandy soil 3 0.01 0.00 
Kampong Penarik Sandy soil 3 0.03 0.00 
Jambu Bongkok Sandy soil 3 <0.01 0.00 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
NS 
Table 4.1 03. Mehlich 3 extractable arsenic (~g g"1) in sandy tailings with four levels of peat 
and three sandy soils (SD: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at Ps;0.05. 
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Molybdenum 
Code Soil origins Sample type n Mean so 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 <0.01 0.00 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 <0.01 0.00 
100:0:4 sandy tailings+ 4% peat Greenhouse mix 3 <0.01 0.00 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 <0.01 0.00 
Jambu Pantai Remis Sandy soil 3 <0.01 0.00 
Rusila Kampong Penarik Sandy soil 3 <0.01 0.00 
Rudua Jambu Bongkok Sandy soil 3 <0.01 0.00 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu NS NS NS NS 
Rusila NS NS NS NS NS 
Rudua NS NS NS NS NS NS 
Table 4.104. Mehlich 3 extractable molybdenum (llg g"1) in sandy tailings with four levels of 
peat and three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P :;;0.05. 
Lanthanides 
Code Soil origins Sample type n Mean so 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 0.14 0.01 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 0.03 0.00 
100:0:4 sandy tailings + 4% peat Greenhouse mix 3 <0.01 0.00 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 <0.01 0.00 
Jambu Pantai Remis Sandy soil 3 0.05 0.01 
Rusila Kampong Penarik Sandy soil 3 0.53 0.01 
Rudua Jambu Bongkok Sandy soil 3 0.03 0.00 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu NS 
Rusila 
Rudua NS NS NS * NS 
Table 4.105. Mehlich 3 extractable lanthanides (L: lanthanum, cerium, praseodymium and 
neodymium) (llg g"1} in sandy tailings with four levels of peat and three sandy soils (SO: 
Standard Deviation}, together with contrasts between them. 
Significant (*) or non-significant (NS) at P :>0.05. 
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Lead 
Code Soil origins Sample type n Mean so 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 1.00 0.17 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 1.72 0.25 
100:0:4 sandy tailings+ 4% peat Greenhouse mix 3 1.72 0.07 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 1.79 0.04 
Jambu Pantai Remis Sandy soil 3 1.41 0.14 
Rusila Kampong Penarik Sandy soil 3 0.72 0.01 
Rudua Jambu Bangkok Sandy soil 3 0.11 0.01 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu * 
Rusila * 
Rudua * * 
Table 4.106. Mehlich 3 extractable lead (J.Ig g"1) in sandy tailings with four levels of peat and 
three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P :S0.05. 
Uranium 
Code Soil origins Sample type n Mean so 
100:0:0 Sandy tailings + 0% peat Greenhouse mix 3 0.16 0.02 
100:0:2 Sandy tailings + 2% peat Greenhouse mix 3 0.08 0.01 
100:0:4 sandy tailings+ 4% peat Greenhouse mix 3 0.03 0.00 
100:0:6 Sandy tailings + 6% peat Greenhouse mix 3 0.02 0.00 
Jambu Pantai Remis Sandy soil 3 <0.01 0.00 
Rusila Kampong Penarik Sandy soil 3 0.01 0.00 
Rudua Jambu Bangkok Sandy soil 3 <0.01 0.00 
100:0:0 100:0:2 100:0:4 100:0:6 Jambu Rusila Rudua 
Jambu 
Rusila * NS 
Rudua * NS * 
Table 4.107. Mehlich 3 extractable uranium (J.Ig g"1) in sandy tailings with four levels of peat 
and three sandy soils (SO: Standard Deviation), together with contrasts between them. 
Significant(*) or non-significant (NS) at P:S0.05. 
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• pHH2o and Loss on ignition. pH decreased with each addition of peat, from a point that 
was significantly greater than the Rudua Series soil, to a point significantly below it. 
The effects of this on nutrient I trace element availability and plant uptake are 
discussed in Section 4.4.2.2. Loss on ignition was low in all natural soils, but lower in 
sandy tailings, in which it was increased by successive peat additions. 
• Macro-nutrient, micro-nutrient and trace elements. Levels of magnesium and 
phosphorus were greater in the natural soils, levels of potassium were broadly similar, 
and levels of sulphur were significantly greater in the artificial soils. Although this 
variability complicated comparison between the substrates, amending sandy tailings 
with peat pushed their nutrient availability into a similar bracket as those of sandy 
soils. Indeed, organic amendment of sandy tailings is likely to improve the properties 
of sandy tailings over and above those of the sandy soils, since it not only improves 
cation exchange capacity, water retention and fertility status - but reduces availability 
of trace elements. Establishing target species and examining their nutrient requirements 
on the sandy tailings and sandy soils will allow for more resilient comparisons between 
the two substrates. 
4.5.3.3. CHEMiSTRY OF PANICUM MJLIACEUM AND P UERARIA PHASEOLOIDES 
Single samples of foliage from Panicum miliaceum and Pueraria phaseoloides grown on 
the amended tailings and sandy soils were digested and analyzed (Figures 4.64. to 4.80.). 
Just as the Mehlich 3 chemistry of the respective soil substrates was rather variable, plants 
grown thereon exhibited a wide range of nutrient and trace element contents, although 
concentrations of most were broadly similar whether Panicum and Pueraria were grown in 
artificial or natural soils. 
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Figure 4.64. Acid extractable magnesium (llg g'1) in Panicum miliaceum and Pueraria 
phaseoloides grown in sandy tailings (amended with various levels of peat) and 
three natural soils. 
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Figure 4.65. Acid extractable phosphorus (llg g'1 ) in Panicum miliaceum and Pueraria 
phaseoloides grown in sandy tailings (amended with various levels of peat) and 
three natural soils. 
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Sulphur 
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Figure 4.66. Acid extractable sulphur (11g g·1) in Panicum miliaceum and Pueraria 
phaseoloides grown in sandy tailings (amended w ith various levels of peat) and 
three natural soils. 
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Figure 4.67. Acid extractable potassium (11g g"1) in Panicum miliaceum and Pueraria 
phaseoloides grown in sandy tailings (amended with various levels of peat) and 
three natural soils. 
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Figure 4.68. Acid extractable calcium (Jlg g"1) in Panicum mi/iaceum and Pueraria 
phaseo/oides grown in sandy tailings (amended with various levels of peat) and 
three natural soils. 
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Figure 4.69. Acid extractable aluminium (!lg g"1) in Panicum miliaceum and Pueraria 
phaseoloides grown in sandy tailings (amended with various levels of peat) and 
three natural soi ls. 
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Figure 4.70. Acid extractable iron (llg g"1) in Panicum miliaceum and Pueraria phaseoloides 
grown in sandy tailings (amended with various levels of peat) and three natural soils. 
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Figure 4.71 . Acid extractable manganese (llg g"1) in Panicum miliaceum and Pueraria 
phaseoloides grown in sandy tailings (amended with various levels of peat) and 
three natural soils. 
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Figure 4.72. Acid extractable cobalt (IJg g"1) in Panicum miliaceum and Pueraria 
phaseoloides grown in sandy tailings (amended with various levels of peat) and 
three natural soils. 
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Figure 4.73. Acid extractable nickel (IJg g"1) in Panicum miliaceum and Pueraria 
phaseoloides grown in sandy tailings (amended with various levels of peat) and 
three natural soils. 
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Copper 
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Figure 4.74. Acid extractable copper (!lg g"1) in Panicum miliaceum and Pueraria 
phaseoloides grown in sandy tailings (amended with various levels of peat) and 
three natural soils. 
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Figure 4.75. Acid extractable zinc (!lg g"1) in Panicum miliaceum and Pueraria phaseoloides 
grown in sandy tailings (amended with various levels of peat) and three natural soils. 
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Figure 4.76. Acid extractable arsenic (J.Lg g"1) in Panicum miliaceum and Pueraria 
phaseoloides grown in sandy tailings (amended with various levels of peat) and 
three natural soils. 
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Figure 4.77. Acid extractable molybdenum (J.lg g"1) in Panicum mi/iaceum and Pueraria 
phaseoloides grown in sandy tailings (amended with various levels of peat) and 
three natural soils. 
356 
Chapter 4. Results and Discussion 
Lanthanides 
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Figure 4.78. Acid extractable lanthanides (I lanthanum, cerium, praseodymium and 
neodymium) (~-tg g"1) in Panicum miliaceum and Pueraria phaseoloides grown in sandy 
tailings (amended with various levels of peat) and three natural soils. 
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Figure 4.79. Acid extractable lead (~-tg g"1) in Panicum miliaceum and Pueraria phaseoloides 
grown in sandy tailings (amended with various levels of peat) and three natural soils. 
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Figure 4.80. Acid extractable uranium (!lg g"1) in Panicum miliaceum and Pueraria 
phaseo/oides grown in sandy tailings (amended with various levels of peat) and 
three natural soils. 
Those elements of most concern for crop production on sandy tailings (arsenic, lead and 
uranium) all showed a rapid drop in uptake with increases in peat, with lower 
concentrations in Panicum than Pueraria. Once additions of peat reached 6%, then foliar 
concentrations of these elements (together with aluminium and iron) fell into a similar 
range to those plants grown in the natural soils. Magnesium and molybdenum 
concentrations were both elevated in Pueraria grown on artificial soils, with leaf 
magnesium content reflecting its increased availability with added peat. 
4.5.4. SUMMARY 
• Sandy tailings were more stony than sandy soils, but the increased drainage that this 
implies may be nullified by the increased proportions of silt and clay sized particles in 
the tailings. In older (more weathered) tailings, such ' fines ' are likely to have been 
eluted, reducing their nutrient and water retention capacities when compared with 
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sandy soils. This should be confmned by laboratory study of water retention and 
infiltration characteristics of the two sets of substrates. 
• Panicum miliaceum and Pueraria phaseoloides achieved simi lar sizes whether grown 
on artificial or natural soils, and none developed mycorrhizal associations with native 
fungi during the periods of the experiment, indicating opportunities for manipulation of 
the soil micro-flora in both artificial and natural soils. 
• Soil concentrations and uptake of trace elements were different in sandy tailings and 
sandy soils. Levels of cobalt, arsenic, lead and uranium were all higher in tailings, but 
did not appear to pose a phytotoxic threat. Adding 4% peat to sandy tailings reduced 
uptake of these element to levels similar to those found in plants grown on natural 
soils. The uptake of these elements by crop species must be assessed in the field, but 
may prove insignificant under conditions of adequate nutrition or organic amendment. 
• In their native state, sandy tailings and sandy soils are reasonably dissimilar, but their 
inert nature renders them simple to modify. Such modifications could include organic 
amendment, liming, mycorrhizal and rhizobia! inoculation. Once these modifications 
have been made, then crop performance and trace element uptake on both sets of 
substrates should be similar. 
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CONCLUSIONS AND FURTHER WORK 
5.1. TRACE ELEMENTS IN SANDY T ArLINGS 
5.1.1. DISTRIBUTION AND OCCURRENCE 
Analyses of preliminary samples failed to corroborate Ang, Ang & Ng's (1998) discovery 
of cadmium and mercury in sandy tailings, although they did contain arsenic at 
concentrations greater than global sandy and podzolic soils. Subsequent analyses of similar 
material from various mine sites confirmed the widespread occurrence of arsenic, although 
concentrations of this element were lower than those extracted from a natural kaolisol. 
Lanthanide, lead and uranium levels were consistently higher in sandy tailings than sandy 
and kaolinitic soils, although concentrations of all elements varied considerably across and 
between sites, and tended to be higher still in slime tailings. 
The pattern which emerged was one of general low-level contamination by arsenic, lead 
and uranium, with lower concentrations of plant rnicronutrients (Mn, Zn, Cu, Mo, Ni and 
Co) on some areas of sandy tailings when compared with natural soils. From these data, it 
was impossible to predict whether sandy tailings contained a deficiency of micro-nutrients 
or an excess of trace elements. Further experimental work will be necessary to correlate 
Mehlich 3 nutrient levels with requirements for any given crop on sandy tailings, in 
addition to identifying Mehlich 3 trace element levels corresponding to phytotoxic or 
excessive concentrations for those crops. 
The Mehlich 3 extraction procedure also proved unsatisfactory for determination of 
molybdenum. Although this element is known to be deficient in many tropical soils 
(Landon, 1984), it was readily determined in digests of foliage and soil samples, 
suggesting a problem with the Mehlich 3 method rather than the ICP-MS technique used to 
detect it. This requires further investigation. 
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5.1.2. EFFECTS ON PLANT COLONIZATION 
In an attempt to determine whether plants had selectively colonized areas with higher or 
lower available contents of nutrients, trace elements or water, sandy tailings were collected 
from beneath established specimens of Melastoma ma/abathricum growing on four 
different areas of sandy tailings and compared with sandy tailings across each site. 
The data were inconclusive, with concentrations of some elements greater, equivalent to or 
less beneath Me/astoma when compared with the rest of the site. However, clear patterns 
were evident for a small number of elements, including zinc and manganese, the 
concentrations of which were usually greater beneath Me/astoma. Concentrations of 
uranium also tended to be lower beneath these plants. Unfortunately, without prior 
knowledge of the chemistry of these areas, it was impossible to ascertain whether the 
positioning of Me/astoma was in response to or the cause of differing soil chemistry. Given 
the free-draining nature of the substrate (and its susceptibility to drought), it might be 
expected that plants would selectively colonize those areas with greater water availability. 
This did prove to be the case - but only in two of the four sites. Areas of open water are 
common on mined land, and these are often used for irrigation. Although suitable for 
reducing drought stresses, the nutrient and trace element status of these water bodies is 
largely unknown, and must be characterized before their widespread use can be 
recommended. In addition, reducing water stress by lowering the height of sandy tailings 
above the standing water table could expose pyrites to oxidation and generation of acidity. 
More comprehensive three-dimensional chemical surveys of the tailings would improve 
their risk assessment under such circumstances. 
The general inconsistency of the data seemed to indicate that trace element contamination 
of sandy tailings was not a significant factor in determining their colonization by 
Melastoma. Whether this was true of other species would require further investigation. 
There is also a need to identify why some species colonize certain areas of tailings in 
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preference to others, since this could impact upon attempts to rehabilitate the substrate with 
these species. Large areas of tailings at Batang Beijuntai were colonized by the sedge 
Fimbristylis miliacea (Plate 3.9.), but it was completely absent from areas near open water, 
which were instead colonized by Melastoma malabathricum and Dicranopteris linearis 
(Plate 3.1 0.). This may reflect the varying nutrient and water requirements of individual 
species, competition effects, or highly localized variations in trace element availability, to 
which the species are differently susceptible. While Melastoma colonizes sites near the 
water table, Pennisetum polystachyion grows at seemingly random locations regardless of 
standing water (Plate 3 .14. ). This could reflect tolerance to drought and nutrient deficiency 
in this species, or it could be due to locally perched water tables caused by the presence of 
sub-surface lenses of clay, and further research is necessary to isolate the precise causes of 
plant distribution. Examination of nutrient elements other than those studied here should 
also be considered: nitrate, ammonium, boron and sodium may each impact upon 
colonization, and require particular sample treatment and analysis protocols for accurate 
quantification. 
5.1.3. UPTAKE BY MELASTOMA MALAJJATHRJCUM 
Trace element concentrations were determined in foliage of Melastoma malabathricum 
colonizing four areas of sandy tailings and one natural kaolisol, allowing comparison 
between plants growing on natural and anthropic soils. The soils upon which they had 
established were also compared and correlations made between soil and foliar chemistry. 
Concentrations of several elements (including aluminium and manganese) were lower in 
plants from sandy tailings, while some were higher (magnesium and phosphorus). 
Extractable phosphorus levels in the sandy tailings were no different from those of the 
kaolisol, while magnesium levels were considerably lower, and the selective accumulation 
of these two elements requires further investigation. Three (of four) tailings populations of 
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Melastoma contained greater levels of uranium than the kaolisol population - the 
significance of this for agronomic crops requires further exploration. 
Correlations between soil extracts and foliar chemistry were poor and inconsistent from 
site to site, suggesting that Mehlich 3 cannot predict availability of nutrient or trace 
elements for Melastoma malabathricum. Despite this, Mehlich 3 represented a rapid and 
repeatably accurate method for identifying a wide range of elements in a wide variety of 
soils. 
5.2. EFFECTS OF CLAY, PEAT AND MYCORRHIZAL ADDITIONS ON THE GROWTH AND 
CHEMISTRY OF PLANTS GROWN ON SANDY TIN TAILINGS 
5.2.1. CHEMISTRY OF EXPERIMENTAL SOILS 
Adding clay or peat to sandy tailings decreased their already low pH, but increased loss on 
ignition and extractable levels of both nutrient and trace elements. Additions of clay 
greatly increased the aluminium and trace element loading of the artificial soils, although 
these were offset by peat, which reduced extractability of cobalt, copper, arsenic, 
lanthanides and uranium. Both amendments significantly improved the effective cation 
exchange capacity of sandy tailings, but the penalty for this improvement was increased 
acidity and occupation of exchange sites by aluminium. 
Under field conditions, sliming of sandy tailings would significantly improve their water 
and nutrient retention status, but this would be countered by increased acidity, aluminium 
and trace element loading - and cannot therefore be recommended. Peat would also 
improve their water and nutrient retention status, whilst simultaneously reducing the 
availability of trace elements. Unfortunately, peat is rather acidic, encouraging dissolution 
of potentially phytotoxic minerals from sandy tailings. However, these same conditions 
favour the production of fulvic acids (Kabata-Pendias & Pendias, 2001 ), which form water 
soluble complexes with many metals (Laurie & Manthey, 1994), increasing their leaching 
rates and ultimately reducing the trace element load of sandy tailings. Unfortunately, such 
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beneficial leaching of phytotoxic trace elements would inevitably be accompanied by 
leaching of micronutrients. 
In addition to clay and peat, the effects of mycorrhizal inoculation were studied, together 
with the effects of an inert carrier medium of zeolite and attapulgite clays used in 
production of inoculum. The two mycorrhizal treatments generally had little impact upon 
Mehlich 3 extractable concentrations of trace or nutrient elements, although they did 
increase extractable levels of arsenic, calcium and potassium. Most significant was their 
effect on the pH of artificial soils, which were raised by as much as two units. This greatly 
reduced the availability of aluminium and many trace elements, whilst simultaneously 
improving conditions for mineralization of added peat. 
5.2.2. GROWTH AND CHEMISTRY OF PLANTS GROWN ON EXPERIMENTAL SOILS 
Growth of both Panicum miliaceum and Pueraria phaseoloides was not significantly 
improved by additions of either clay or peat to non-mycorrhizal soils. However, 
differences were apparent under both mycorrhizal treatments. Growth of both species was 
generally enhanced with added slimes in combination with inert carrier medium, but these 
gains were negated by additions of peat. Data for inoculated specimens were less clear, 
although inoculated specimens were all significantly larger than carrier only and non-
mycorrhizal specimens. 
The foliar concentrations of many elements in Panicum were affected by both clay and 
peat, with additional clay levels tending to increase, and peat tending to decrease 
aluminium, iron, manganese, cobalt, nickel, zinc, copper, molybdenum, lanthanide, lead 
and uranium levels. This reflects the ability of functional organic groups to adsorb metal 
ions and reduce their availability, but this mechanism seemed to fail once levels of clay in 
experimental soils reached 30%. Thereafter, the efficacy of peat was much reduced. 
Whether this was due to the inability of peat to buffer further trace element additions, or 
364 
Chapter 5. Conclusions and Further Work 
whether it was due to physiological breakdown of the plant roots requires further 
investigation. Uptake of phosphorus, magnesium, manganese, sulphur and arsenic were all 
increased by mycorrhizal symbiosis. The concentrations of many elements were similar in 
specimens grown in inoculated and carrier only soils, making it difficult to isolate the 
specific mycorrhizal effects. The effects on plant chemistry of mycorrhizal inoculation at 
field pH should be further investigated. 
Additions of clay and peat had similarly varied effects upon Pueraria, although these were 
again more significant for non-mycorrhizal plants. Adding clay increased magnesium, 
phosphorus, sulphur, potassium, manganese, cobalt, nickel, zinc and lead uptake, although 
some of these responses were subsequently reduced by added peat. The effects of organic 
reduction in trace element uptake were less obvious than for Panicum. Plants grown in 
carrier only and inoculated soils exhibited remarkably consistent foliar concentrations 
across all soil treatments. However, mycorrhizal inoculation did reduce sulphur, calcium, 
copper and molybdenum concentrations, while there were no mycorrhizal increases in 
phosphorus and arsenic. This may have been due to foliar dilution effects or mycorrhizal 
retention of these elements, and further experimental work will be necessary to elucidate 
the precise role of mycorrhizal fungi in the uptake of these elements by Pueraria 
phaseoloides. Inoculated plants supported far greater numbers of root nodules than non-
mycorrhizal specimens, and improved nitrogen nutrition may have been responsible for 
their improved growth, although this should be confmned by further experiments with 
rhizobia! and fungal inoculation. 
Under field conditions, it is likely that some plants grown on sandy tailings will 
accumulate trace elements within their foliage, including arsenic, lead and uranium. 
Whether these will be selectively accumulated within edible tissues requires investigation 
of specific crops. Likewise, whether trace element uptake could be reduced through 
improvement of soil nutrient status is unknown, but as uptake of many elements is a 
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function of their relative concentration and antagonistic tendencies, crops which are well-
supplied with macro and micronutrients are less likely to accumulate trace elements. 
Overall, the use of peat reduced trace element uptake by Panicum and Pueraria, without 
improving its growth. Field trials with organic amendments, mycorrhizal inoculation and 
fertilizer application will be required to maximize the benefits of each while minimizing 
their input. 
5.2.3. MYCORRHIZAL STATUS OF PLANTS GROWN ON ARTIFICIAL SOILS 
Mycorrhizal fungi were absent from plants grown in the non-mycorrhizal soils. Glomus 
manihotis was identified in many of the soils which had been amended with the 
commercial inoculum, but other species were identified in soils which had been amended 
with the sterile carrier medium, including Scutellospora calospora, Acaulospora 
scrobiculata and Scutellospora heterogama. These were not present in the commercial 
mix, and must have originated in clay added to the sandy tailings. The mycorrhizal status 
of many plants colonizing sandy tailings has been previously established (Nadarajah & 
Nawawi, 1988), and field studies of plants colonizing sandy tailings could identify fungal 
strains tolerant of the physicochemical conditions of this substrate which might be better 
suited to future rehabilitation attempts than available commercial isolates. 
Root colonization by fungal structures has been demonstrated to be an inadequate measure 
for estimation of mycorrhizal activity. If further experiments are to be undertaken with the 
aim of elucidating mycorrhizal effects, then a more sophisticated quantification of their 
growth - such as measurement of the extra radical mycelium - is recommended. 
Harvesting roots for mycorrhizal determination also reduces the quantity of material 
available for other tests - roots are known to act as a sink for certain trace elements (such 
as lead), but this could not be tested here. Use of separate hypha! and root compartments 
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would allow more accurate manipulation of the host-fungus symbiosis, while providing 
root material for chemical analysis. 
5.3. NATURAL SANDY SOILS COMPARED WITH SANDY TAILINGS 
5.3.1. CHEMISTRY OF SOILS AND TAILINGS 
The fertility status of sandy tailings was generally lower than that of sandy soils, although 
levels of some nutrients exceeded those of natural soils - depending upon local geological 
factors. Their trace element chemistry varied from site to site and element to element -
with comparable levels of micronutrients - while arsenic, zinc, lead and uranium were 
more prevalent in sandy tailings. However, further work is necessary to determine the 
relative effects of such low-level contamination. 
The ECEC of sandy tailings (from Dengkil) was considerably lower than sandy soils of the 
Rudua and Jarnbu Series, although this deficiency was overcome when peat was added. 
However, sandy tailings from several locations contained greater proportions of silt and 
clay than two of the three soils, which would provide them with greater nutrient and water 
retention capabilities - if they did not also contain greater quantities of stones. Further 
investigations into the physical properties of sandy tailings and soils are required to clarify 
the similarity (or dissimilarity) of their hydrological properties. Identification and analysis 
of the phyllosilicate mineral suite in sandy tailings would also help to determine both their 
physical properties and longer term nutrient supply capabilities. 
5.3.2. GROWTH AND CHEMISTRY OF PAN/CUM MIL/ACEUM AND PUERARJA PHASEOLOIDES 
ON SANDY SOILS AND TAILINGS 
Growth of both species was poor in sandy tailings, and not improved by additions of peat. 
However, growth was also poor in two of the three sandy soils, with very significant 
improvements noted only in the Jambu soil. This contained significantly greater quantities 
of phosphorus, calcium, magnesium and micronutrients than the other sandy soils. The 
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foliar chemistry of the two species varied from soil to soil, although peat additions had a 
clear impact in availability of some elements (increased calcium and magnesium m 
Pueraria; reduced aluminium, cobalt, nickel, zrnc, lead, lanthanide and uranium m 
Pueraria and Panicum; reduced arsenic rn Pueraria) m sandy tailings. With few 
exceptions, sandy tailings amended with 6% peat produced plants chemically similar to 
those grown on sandy soils. 
ln their native state, the two groups of substrates are reasonably dissimilar, but while their 
inert nature renders them less productive than (for example) kaolisols, it does mean that 
they are simple to modify - physically, chemically and microbiologically - which would 
negate their gross differences. Siliceous soils are rather uncommon in tropical 
environments, and their creation during tin milling may have inadvertently created an 
edapbic habitat with natural parallels that could be used to develop ecologically based 
rehabilitation methods. 
5.4. ECOLOGICAL APPROACHES TO THE REHABILITATION OF SANDY T AJLINGS 
5.4.1. iNTRODUCTION 
The extent and accessibility of sandy tai lings in Malaysia has encouraged experimentation 
by both agricultural and forestry research institutes into their rehabilitation, and both have 
developed programmes for their commercial utilization. Vegetable crops are readily 
established, using simultaneous fertilization and irrigation techniques (Virnala et al. , 1990). 
Fruit trees are also grown, following intensive amelioration of the tailings with waste 
materials from the palm oil processing industry (HSS Integrated, 1994). These schemes 
rely upon drastic alteration of the physical and I or chemical status of the tailings, with 
frequent inputs applied to generate returns. Forestry approaches are somewhat different, 
selecting tree species which are pre-adapted to the site conditions and Ang & Ang (1997) 
summarize procedures for establishment of Acacia mangium plantations on sandy tailings. 
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They suggest re-grading of tailings to give a standing water table at 1.5m below the soil 
surface, and inclusion of both organic and inorganic amendments within each planting 
hole. Although seven year rotations of Acacia mangium have been suggested for pulpwood 
production on sandy tailings (HSS Integrated, 1994 ), these figures must be considered 
optimistic, since they are based on preliminary research rather than long term experience. 
The master plan for rehabilitation of the Kinta Valley catchment in Perak acknowledges 
that Acacia plantations will not be suitable for afforestation of all areas of sandy tailings, 
and suggests that 8750ha of 'poorer' tailings be set aside for conservation forestry. Given 
that such areas have already been identified, there is a definite need and opportunity for 
more imaginative, ecological approaches to the rehabilitation of sandy tailings. 
5.4.2. SPECIES RECRillTMENT 
Natural colonization of sandy tailings does occur, although Palaniappan (1974) 
acknowledges that the prospects for return to secondary forest are remote. The lack of 
diversity in colonizing communities may be due (in part) to the edaphic constraints placed 
upon immigrant species. The edaphic environment of sandy tailings is radically different 
from that of pre-mining soils and only the most common of generalist species are able to 
thrive (such as Melastoma malabathricum, Dicranopteris linearis and (in Perak) Dillenia 
suffruticosa ). 
Processes of soil formation in the tropics usually involve selective dissolution and elution 
of silica from surface soil horizons, leaving a residual matrix of sesquioxide minerals. 
However, the reverse is true in some soils, with podzolization processes causing the 
selective removal of sesquioxides from surface profiles, leaving a residual matrix 
composed almost entirely of silica sand (Richards, 1941 ). Such siliceous soils are unusual 
(comprising approximately 7% of tropical soils, as against 57% for kaolisols (Kauffman, 
Sombroek & Mantel, 1998)), but are found in some parts of Peninsular Malaysia. Their 
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general similarity to sandy tailings has been tacitly acknowledged by the attempts of 
several authors to apply technology for rehabilitation of one substrate to the other (Ang & 
Yusof, 1989; Amir et al., 1994; Mitchell, 1963), but all attempts to short-cut successional 
processes by establishing native timber species directly on the degraded substrate have 
failed, resulting in a shift of research emphasis onto exotics such as Acacia auriculiforrnis 
and Acacia rnangiurn. Modelling the rehabilitation of sandy tailings on the successional 
processes which occur in natural communities on sandy soils could lead to establishment 
of more sustainable, naturalistic plant communities than are at present proposed or 
produced. 
5.4.3. SANDY SOlLS AND THEIR FOREST COMMUNITIES IN MALAYSIA 
On the east coast of West Malaysia, a long band of coastal sandy soils covers some 
300,000ha - where they are thought to have formed as the result of accumulations of 
marine alluvium during the seasonal north-eastern monsoon (Mitchell, 1963). The climax 
community of the dry sand ridges is a forest with very different attributes to lowland 
forests on other soils, with fewer tree species, simplified structure, open main storey and a 
dense shrub layer (Mitchell, 1963). Only two significant areas remain, both Virgin Jungle 
Reserves: Jambu Bangkok (286 acres) and Menchali (237 acres). Their dry soils are 
dominated by the timber species Shorea materia/is (Putz, 1978). 
In East Malaysia (Borneo), similar soils are also found, some developed over sandstone 
parent rocks, but many others representing beach ridges left stranded during the retreat of 
the sea during the Pleistocene (Andriesse, 1970). These are normally referred to as 
kerangas, a local term which indicates their unsuitability for the cultivation of hill rice 
(Browne, 1952). There are many grades of kerangas, from dry through seasonally to 
permanently flooded. These latter are separately classified as kerapah soils, although they 
often support similar species to the kerangas which surrounds them (Brunig, 1974 ). Their 
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dry soils support a range of species, including Agathis borneensis and Gymnostoma nobile 
(Browne, 1952). 
Sandy soils are often podzolic, with iron and aluminium eluted from the Ae horizon and re-
deposited to form an indurated Ai horizon. This may be several centimetres thick, forming 
a bard pan that can impede drainage and give rise to perched water tables. Podzolization 
processes are still subject to speculation, but it is generally agreed that they are caused by 
dissolution of aluminium and iron sesquioxides in surface horizons by organic acids. As 
they migrate down the soil profile, these organic ligands are subject to microbial attack, 
resulting in their eventual destruction and the release of bound aluminium and iron, which 
precipitate to produce the Ai horizon of Al-Si-OH and Fe-OH minerals (Lundstrom et al. , 
2000). In the Jambu Bangkok and Menchali Forest Reserves, the Ai horizon is found at 
approximately three feet below the soil surface (Putz, 1978), while in the deep humus 
podzols (sensu. Brunig, 1974) of Borneo, it may occur at depths of six metres, producing 
free-draining soils which are nonetheless capable of supporting rain forest communities 
(Brunig, 1974). 
Despite the low nutrient and water retention capacities of these podzolic soils, their 
nutrient chemistry is similar to that of lowland kaolisols which support more diverse forest. 
Indeed, in one study of tropical heath and mixed dipterocarp forests in Brunei (located on 
podzols and kaolisols respectively), the podzols were found to contain greater 
concentrations of phosphorus, calcium, magnesium and potassium. However, heath soils 
are consistently nitrogen-poor when compared with other rain forest soils (Moran et al, 
2000), and there is speculation as to whether it is this nitrogen deficiency which determines 
the floristic diversity of such heath forests . Insectivorous species such as Nepenthes are 
common in kerangas (providing further indication of nitrogen deficiency) and have also 
been found on sandy tailings. 
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Litter from many heath species is extremely nitrogen poor, decomposing slowly to produce 
organic acids which drive the podzolization process in soils of pH 2.1 to 4.6 (Browne, 
1952). This is particularly apparent beneath Kauri species (such as Agathis australis), 
where individual specimens produce characteristic 'egg-cup' podzols in their native New 
Zealand (Bloomfield, 1953). Other Kauri species (Agathis borneensis and Agathis 
dammara) are thought to have a similar effect (Whitmore & Page, 1980), which makes it 
impossible to determine whether these species establish on the podzols or cause them - or 
a combination of both. Similar accumulations of raw humus litter on sandy soils have also 
been noted in plantations of Casuarina equisetifolia in Senegal (Mailly & Margolis, 1992) 
and Gymnostoma nobile in Sarawak (Brunig, 1969) suggesting that nitrogen may be key to 
these forests and the soil morphology beneath them. 
Wyatt-Smith (1955) speculated that the highly specialised flora of podzolic soils 
represented relics of an 'Australian' flora that covered a cool dry tableland in Malaysia 
during the Tertiary Period. Species such as Agathis, Dacrydium, Podocarpus, Baeckia 
frutescens, Leptospermum flavescens, Leucopogon ma/ayanum and Rhodamnia cinerea 
now survive only by occupying edaphic environments which are unfavourable to (and 
reduce competition from) the more widespread lowland rain forest flora. 
The surface organic horizons are central to nutrient availability and exchange in these clay-
poor soils, which makes for favourable comparison with sandy tailings (where surface 
applications of organic matter would also reduce the impact of trace elements upon 
vegetation establishment (Tordoff, Baker & Willis, 2000)). Root systems are mostly 
confmed to the surface layers of podzolic soils, from which fme rootlets ramify into the 
litter layer - where uptake of nutrients may be facilitated by mycorrhizal fungi 
(Kartawinata, 1978). This arrangement ensures that nutrients are intercepted and recycled 
before entering the mineral soil, from which they would otherwise be leached. There is 
uncertainty as to the efficiency of this process: Wbitmore (1989) dismissed direct nutrient 
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cycling as a discredited hypothesis, while Moran et al. (2000) cited earlier work indicating 
that the litter layer of Venezuelan heath forest intercepted more than 99.9% of labelled 
nutrients. 
Loss of this litter destroys nutrient cycles and exposes the soil to rapid leaching and 
erosion. Depending upon the severity of the disturbance, the vegetation on these soils then 
becomes an open padang, with tufted grasses (Eriachne pallescens, Eragrostis unioloides, 
Massia triseta, Rhynchospora wallichiana and Setaria geniculata) or parkland with 
scattered trees and shrubs (Anacardium occidentale, Fagraea fragrans, Melaleuca 
leucodendron, Melastoma malabathricum, Rhodomyrtis tomentosa and Vitex pubescens) 
(Wyatt-Smith, 1955). Whether natural successional processes will eventually lead to the 
re-afforestation of padang is unclear. Kartawinata ( 1978) suggested planting cleared areas 
with Gymnostoma nobile, Agathis borneensis, Araucaria cunninghamii and Dryobalanops 
fusca , but Agathis is known not to respond well to exposure when less than a year old 
(Soerianegara et al., 1994). Certainly, Gymnostoma nobile is one of the flrst species to 
colonize cleared areas in its natural habitat (Suhardi, Boer & Sosef, 1998), while the 
closely related Gymnostoma sumatranum has been trialled as a plantation species in 
Sarawak (Spurway, 1950). The fast-growing, light-wooded pioneer species typical of other 
rain forest soils (such as Macaranga and Mallotus) are absent from the secondary 
vegetation of podzols (Brunig, 1969) and succession is further hampered by fire - a 
constant threat to vegetation on such drought-prone soils (Kartawinata, 1978). Certainly, 
Mitchell ( 1963) suggests that "it would be unwise ever to consider [bris soils] as potential 
land for productive forestry". 
However, productive forestry is not the aim of afforestation on all areas of sandy tailings, 
and a number of species adapted to heath and similar soils (such as littoral habitats) 
recommend themselves for further investigation: Ca/ophyllum inophyl/um belongs to a 
beach forest formation, and is widely planted for restoration and afforestation (Lim & 
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Lemmens, 1994); Podocarpus polystachyus is often found at the high water mark of sandy 
beaches and in lowland kerangas (Nasution, Alonzo & llic, 1995); Terminalia catappa is 
another littoral species, but widely planted for shade on other soils (Sosef et al., 1995); 
Hibiscus tiliaceus is also littoral, and recommended for planting on poor soils for firewood 
(Wiselius, 1998); Whiteodendron moultonianum is endemic to Borneo, where it is 
frequently found on podzolic soils (Boer & Lemmens, 1998). 
5.4.4. PROSPECTS 
Rehabilitation of naturally sandy soils requires similar approaches to those adopted for 
sandy tailings. They are nutrient-poor, prone to drought and retain very little organic 
matter in their degraded state. The number of species colonizing these sandy podzols after 
forest clearance is very low, and the pioneer community is dissimilar to that of more 
common tropical kaolisols. The non-commercial nature of these communities has resulted 
in few studies of the successional processes which eventually lead to the reversion of 
padang to closed forest. However, their harbouring of species adapted to drought-prone, 
nutrient-poor, acidic soils makes them extremely valuable as sources of seed material for 
sustainable afforestation of sandy tailings. 
Key to survival of heath communities is their active leaf litter layer, intercepting nutrients 
which are scavenged by mycorrhizae and fine roots. Creation of sustainable heath 
communities on sandy tailings should aim to establish similar cycles, and this requires very 
careful selection of rehabilitation species. Although heath communities subsist on lower 
total levels of nitrogen, it is unclear whether nitrogen-rich pioneer vegetation is necessary 
for successful rehabilitation of such an habitat. Roberts et al. (1982) examined the 
importance of nitrogen accumulation on another waste material with heath affinities -
sandy china clay waste. They found that accumulation of 1 OOOkg ha-1 N was necessary 
before sustainable heath cover was possible. Applying this model to sandy tailings, 
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overcoming the inherent N deficiencies would be a prerequisite for forest establishment. 
Many ground-cover legumes (such as Lespedeza cuneata) are tolerant of acid, phosphorus-
deficient soils (Mosjidis, 1997), but may generate nitrogen-rich litter that is too readily 
mineralized - reducing its accumulation and causing fixed nitrogen to be leached from the 
sandy soil. In contrast, tree legumes such as Acacia auriculiformis (Turnbull & Kamis, 
1997) and other nitrogen-fixing species such as Gymnostoma nobile (Brunig, 1969) and 
Casuarina equisetifolia (Mailly & Margolis, 1992) produce litter with relatively low 
nitrogen contents, which may prove more satisfactory. Although tree and shrub species are 
important, it will also be necessary to include ground cover species, since Ferraz (1993) 
noted that although establishment of local tree species on mine waste was successful in 
Amazonia, their incomplete ground cover resulted in desiccation and loss of their litter, 
reducing the opportunities for successful nutrient cycling. Clearly the chemical qualities of 
plant litter are of paramount importance to their mineralization properties, and assessment 
of plant litter quality could be undertaken according to existing protocols, such as those 
established by Palm & Row land ( 1997) and Perez-Harguindeguy et al. (2000). Certainly, 
leguminous species demonstrate tolerances to many of the hindrances imposed by sandy 
tailings and soils (Section 2.4.2.), and would seem ideal candidates for restoration attempts 
on these substrates. 
Given the intolerance of many kerangas species to open conditions, A. auriculiformis, A. 
aulacocarpa var. aulacocarpa or A. mangium could act as a nurse plants (Briscoe, 1995), 
providing shelter for the timber species in a similar manner to the taungya forestry method, 
in which timber species are established beneath a canopy of Leucaena leucocephala 
(Whitrnore, 1980). Littoral species such as Hibiscus tiliaceus and Podocarpus polystachyus 
might perform a similar function, although their response to non-littoral sandy soils is 
unknown. The greater aluminium concentration of sandy tailings is a further complicating 
factor, but establishment of 'podzolizing' species such as Gymnostoma or Casuarina could 
375 
Chapter 5. Conclusions and Further Work 
eventually reduce aluminium (and trace element) concentrations to levels more consistent 
with heath soils. Furthermore, Prosser & Roseby (1995) noted that while podzolic soils 
may take several thousand years to develop in situ, their formation was much more rapid 
following disturbance. 
Although differing from sandy tailings in some chemical and physical aspects, heath and 
littoral soils provide the only natural analogues for anthropic siliceous soils in Malaysia. 
They are extremely fragile, intolerant of disturbance and prone to destruction by fire, but 
nonetheless support a range of large timber species. It is tempting to suggest that 
commercial plantations of species such as Agathis borneensis could be established on 
sandy tailings, but it is unlikely that the soils could support commercial production of this 
or any other species. Heath communities in South-East Asia are under threat of extinction 
(almost half their 76,000krn2 area was destroyed by fire on Borneo in 1982-83 alone 
(Wikramanayake et al., 2002)) and development of techniques for establishing artificial 
heath communities on sandy tailings could in turn provide valuable insights into the 
conservation and rehabilitation of their natural analogues. Continued economic pressures 
for mineral extraction in ecologically sensitive areas (Carroll, 2003) provide further 
urgency for research into understanding the fundamental processes required for successful 
ecosystem rebuilding in the tropics. 
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APPENDIX A 
TIN MINING IN MALAYSIA 
DREDGING AT DENGKIL: A PICTORIAL CASE IDSTORY 
Plate AA 1. Peat swamp forest is first logged in areas to be mined. Secondary species such 
as Pandanus spp. and Macaranga spp. may dominate the brutalized forests. The water table 
has been depressed here, revealing the peat and underlying clay overburden. 
Plate AA 2. Prior to mining, secondary forest is burnt. Seral species such as lmperata 
cylindrica quickly colonize the bare peat. 
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Plate AA 3. Depression of the water table allows dry-stripping of peat and the top layer of 
clay overburden . 
... 
Plate AA 4. There is no requirement to stockpile topsoil separately, and the peat here will 
soon be covered with overburden and sandy tailings. 
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Plate AA 5. On the dredging arm, a continuous line of buckets rotates around an articulated 
ladder which works across a face of up to 300m, being successively lowered to remove 
overburden and expose the commercial alluvium at depths of up to 50 metres. 
Plate AA 6. Overburden by-passes the onboard processing plant and is ejected at the end of 
tailings booms at the stern of the vessel. Bucket dredges can move up to half a million 
cubic metres of material in a single month. 
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Plate AA 7. Booms of varying length are designed to discharge more tractable overburden 
on top of sandy tailings as the dredge moves forward within its pond. Local environmental 
legislation is often not enforced to ensure that this practice is adhered to. 
Plate AA 8. Although predominantly sandy, inclusions of clay and even organic debris are 
common in tailings, rendering some areas rather heterogeneous in profile. 
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Plate AA 9. Cassiterite is extracted from the alluvium on the dredge itself, giving a 
concentrate of approximately 10% tin. This is transported to an onshore plant, where further 
gravity, magnetic and electrostatic separation is performed to give a final product of 
approximately 70% tin. 
Plate AA 10. During the 'dressing' of tin ore, other heavy minerals are separated from the 
cassiterite and directed to open compounds such as this. This amang may comprise 
mixtures of ilmenite, monazite and xenotime. 
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Plate AA 11. Sandy tailings in relation to the dredging pond. Material of this kind covers 80% 
of tin tailings. 
Plate AA 12. Areas where overburden and peat are dumped may support secondary forests 
such as these, although such abundance of vegetation is never seen on sandy tailings. 
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Plate AA 13. Sandy tailings have commercial value of themselves. Here they are being 
washed prior to transport off-site for construction projects. 
Plate AA 14. The end result of mining is a barren landscape of eroded tailings and 
open water. 
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TIN MINING IN MALAYSIA 
GRAVEL PUMPING AT KAMP AR : A PICTORIAL CASE IDSTORY 
Plate AB1. Overburden is dry-stripped from above the commercial alluvium, and where 
space is limited, has to be terraced for storage. 
Plate AB 2. The commercial alluvium is situated beneath approximately 30m of barren 
overburden, trapped around the bases of karst limestone pinnacles. The mountains behind 
are a spur of the granite Main Range, which was intruded into the limestone country rocks 
causing mobilization of tin and other minerals during the late Triassic Period, 
200 million years ago. 
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Plate AB 3. The sink-holes in which the commercial alluvium is found have to be de-watered 
to allow mechanical excavation of the material. 
Plate AB 4. The alluvium is tipped into a working area where high-pressure water monitors 
break it up to form a slurry which is pumped to the mineral separation apparatus. 
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Plate AB 5. The mineral slurry passes first through a metal trommel, which removes 
any stones. 
Plate AB 6. The slurry then passes down this palong (sluice box), which comprises a series 
of inclined, parallel wash-boards. These disrupt the flow of the alluvium, causing heavier 
minerals to drop out of suspension and be retained. This primary concentrate contains 
approximately 25% tin, and is passed into a mechanical jig for further concentration. 
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Plate AB 7. The end product of jigging is this tin concentrate, containing approximately 
75% tin. 
Plate AB 8. An overview of the palong. All material which does not drop from suspension 
during its passage down the sluice box is collected in a sump and pumped away for 
disposal. 
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Plate AB 9. The disposal of sandy tailings. In this case, they are being used to fill a large 
lake formed during earlier mining operations . 
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Plate AB 10. Normally, tailings from gravel pumping are hydraulically stacked into dumps 
such as these, found in the forest near Tanjong Tualang 
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